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Abstract
T he h igh -sp in  states o f the  nucleus 64Ge have been investiga ted  using the  G A S P  
and the  E U R O B A L L  arrays o f h ig h -p u r ity  ge rm an ium  detectors. In  o rder to  
achieve the  requ ired  expe rim en ta l se n s itiv ity , special selecting devices were used, 
nam e ly  a h ig h ly  e ffic ien t a rray  o f liq u id  s c in tilla to rs  to  de tect neu trons and the  
IS IS  S i-b a ll to  de tect l ig h t  charged pa rtic les , w h ich  has been developed in  the  
present w ork. A  de ta iled  decay scheme fo r  64Ge has been deduced, assigning 
spins and p a ritie s  to  the  levels th ro u g h  a D ire c tio n a l C o rre la tio n  fro m  O rien ted  
states analysis, an A n g u la r D is tr ib u t io n  analysis and a P o la riza tio n  C o rre la tio n  
fro m  O rien ted  states analysis. T he  characte r o f an intense 1665 keV  tra n s it io n , 
p rev ious ly  repo rted  as a stre tched e lec tric  d ipo le  w ith  a sm a ll m u ltip o le  m ix in g  
ra tio , has been estab lished as an e lec tric  d ipo le  w ith  a large m u ltip o le  m ix in g  
ra tio . T he  e lec tric  d ipo le  s tre n g th  has been measured using E U R O B A L L  coupled 
to  an ea rly  im p le m e n ta tio n  o f the  E U C L ID E S  S i-b a ll and w ith  the  K o ln  p lunge r 
device, a llo w in g  an expe rim en ta l estim ate  o f the  isospin m ix in g  p ro b a b ility  in  
64 Ge.
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I n t r o d u c t i o n
T he  techno log ica l advance has o ften  pushed on new sc ien tific  discoveries. T h is  
is m ost tru e  in  N uc lea r Physics, where the  developm ent o f new acce lera tion  and 
de tec tion  techniques has a llowed the  in ve s tig a tio n  o f the  behav io u r o f nucle i in  
the  m ost extrem e cond itions .
In  th e  recent past, m any new e x c itin g  stud ies have been ca rried  o u t, such as 
the  in ve s tig a tio n  o f nucle i in  states o f ve ry  h ig h  angu la r m om en tum  or o f nucle i 
very  fa r fro m  the  s ta b il ity  line .
T he  com m on fea tu re  re la tin g  these stud ies is th a t the  states o f in te res t are 
p opu la ted  w ith  ex trem e ly  low  p ro b a b ility  and require special techniques to  be 
id e n tifie d . T he  com m on way to  achieve th is  has become the  use o f arrays o f 
h ig h -p u r ity  ge rm an ium  detectors coup led to  o the r selecting devices. A n  exam ple 
o f th is  is the  IS IS  S i-ba ll, w h ich  has been constructed  and developed d u rin g  th is  
w ork. I t  has been used toge the r w ith  the  G A S P  and the  E U R O B A L L  7 -ray  
spectrom eters in  a num ber o f d iffe re n t experim ents. T h is  thesis w i l l  concentra te  
on the  inves tiga tio ns  o f heavy N  — Z  nuc le i in  the  A  ~  60-80  mass reg ion and 
in  p a r t ic u la r  on the  s tu d y  o f 64Ge.
C h a p te r 1 in troduces to  the  physics o f N  — Z  nucle i and to  the  phenom ena 
observed in  the  64Ge mass reg ion. T h e  isospin fo rm a lism  and the  selection rules 
w h ich  i t  im p lies  w i l l  be discussed in  o rde r to  understand  the  phenom ena re la ted  
to  the  m ix in g  o f states w ith  d iffe re n t isospin induced by the C ou lom b in te ra c tio n .
C hap te r 2 b r ie fly  describes the  e xpe rim en ta l techniques w h ich  were used to  
p u t in  evidence heavy N  «  Z  nucle i. In  p a r tic u la r , a de ta iled  d e sc rip tion  o f the
1
2IS IS  S i-b a ll w i l l  be given, w h ich  was developed d u rin g  th is  w o rk  to  s tu d y  nucle i 
popu la te d  w ith  low  p ro b a b ility  v ia  em ission o f l ig h t charged pa rtic les . Some 
in fo rm a tio n  on the  E U C L ID E S  S i-b a ll w i l l  also be provided.
C hapters 3 and 4 present th e  expe rim en ta l resu lts  ob ta ined  fo r 64Ge, g iv in g  
a de ta iled  descrip tion  o f the  analysis procedures. C hap te r 3 w i l l  be devoted to  
the  co n s tru c tio n  o f the  decay scheme and to  the m u lt ip o la r ity  assignm ents, pe r­
fo rm ed  th ro u g h  extensive D ire c tio n a l C o rre la tio n  fro m  O rien ted  states analysis, 
A n g u la r D is tr ib u t io n  analysis and P o la r iza tio n  C o rre la tio n  fro m  O rien ted  states 
analysis. In  C hap te r 4 the  e xp e rim e n ta l d e te rm in a tio n  o f the  decay s treng ths 
w i l l  be discussed.
F in a lly , in  C hap te r 5, the  resu lts  are discussed in  the l ig h t  o f the  theo re tica l 
w orks on th is  nucleus, ava ilab le  in  th e  lite ra tu re  to  date. A  possib le m echanism  
fo r deducing the  degree o f isosp in  m ix in g  is also presented. T h is  chap te r concludes 
w ith  a sho rt section w h ich  discusses th e  fu tu re  perspectives o f th e  cu rre n t w ork.
C h a p t e r  1  
I n - b e a m  s t u d i e s  o f  N  —  Z  n u c l e i  
i n  t h e  A  ~  6 0  —  8 0  m a s s  r e g i o n
T he  recent developm ent o f large e ffic iency arrays o f G e rm an ium  detectors, cou­
p led to  se lecting devices, has opened up  m any e xc itin g  po ss ib ilitie s  to  s tudy  
w eak ly  p opu la ted  nucle i. A m o n g  these, m edium -m ass nuc le i w ith  equal num ber 
o f p ro tons  and neutrons are p a r t ic u la r ly  in te re s tin g  [L is t90 , ListOO, Bueu97]. In  
fac t, m any e xc itin g  phenom ena are observed in  the  mass reg ion  w ith  A  c j  60 — 80. 
T he  shape o f nucle i is observed to  v a ry  ve ry  ra p id ly  w ith  th e  num ber o f valence 
nucleons [Bucu97]. States w ith  com parab le  e xc ita tio n  energies b u t ra th e r d iffe r­
ent de fo rm a tions  m ay be observed in  th e  same nucleus [Chan97]. T he  effects o f 
th e  res idua l in te rac tions  between th e  valence nucleons are re in fo rced  and a m p li­
fied, since the  valence neu trons and p ro tons  occupy the  same o rb ita ls  and there  
is la rge supe rpos itio n  o f th e ir  wave fu nc tions . P a ir in g  between p ro tons  and neu­
tro n s  in  a sta te  w ith  isospin T  =  0  can occur [deAn97], lead ing  perhaps to  a new 
k in d  o f “ superconducting  phase”  in  nucle i. In  the  fo llo w in g , we are ana lyz ing  in  
m ore d e ta il such phenomena.
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1 . 1  The Spherical Shell Model
I t  is usefu l to  p rov ide  the  fun d a m e n ta l ideas on w h ich  the  S pherica l Shell M ode l 
[Maye49, Haxe49] relies. T he  basic assum ption  is th a t  each nucleon moves, a lm ost 
in depe nden tly  fro m  the  o the r ones, in  a m ean p o te n tia l w ith  spherica l sym m etry  
generated by the  o the r nucleons. T h is  accounts fo r m ost o f the  nucleon ic m o tio n . 
T h e  res idua l in te ra c tio n  between th e  nucleons is then  trea ted  w ith  p e rtu rb a tio n a l 
techniques. F o rm a lly , one s ta rts  w ith  the  fo llo w in g  h a m ilto n ia n , ta k in g  in to  
account o n ly  tw o -b o d y  in te ra c tio n s  between the  nucleons:
^  =  - | : E v . 2 +  E %  ( i - i )
i - l  i< j
T h e  h a m ilto n ia n  is then  s p lit  in to  tw o  pa rts , the  one co n ta in in g  the  mean fie ld  
Hsm  and the  one co n ta in in g  th e  res idua l in te ra c tio n  HRes. T h e ir  expressions are 
g iven by the  fo llow ing :
H s m  =  - f r  E  V 2 +  E  Vs m  i (1-2)
Lm 1=1 i= 1
A
HRes ~  X  %  “  X  ^ SM * (1-3)
i= l
One has to  add ano the r te rm  to  Hsm  5 ta k in g  in to  cons ide ra tion  the  in te ra c tio n  
between the  sp in  o f the  nucleon and its  o rb ita l angu la r m om en tum , analogously 
to  w h a t i t  is done in  A to m ic  Physics fo r  the  Zeeman effect. T h is  a d d itio n a l 
sp in -o rb it te rm  takes the  fo rm :
Vso = -14 (f ■ 3) (1-4)
T h e  re su ltin g  energy levels are shown in  figure  1.1.
I t  is ev iden t th a t  there  are groups o f levels whose re la tive  energy d istance is 
m uch sm a lle r th a n  the  d is tance between tw o such groups. Each group  is called 
a shell. N eutrons and p ro tons  occupy the  availab le  levels in  increas ing  order o f 
energy, respecting  the  P a u li exc lus ion  p rin c ip le . W hen  a she ll is fille d , a magic
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F ig u r e  1 .1 : S ing le -pa rtic le  levels in  the  N uclear Shell M o d e l ob ta ined  s ta rtin g  
w ith  a ha rm on ic  o sc illa to r m ean p o te n tia l. T he  labels on th e  le ft ind ica te  the  
u n p e rtu rb e d  ha rm on ic  o sc illa to r levels. Then , fro m  the  le ft to  the  r ig h t respec­
tiv e ly : the  levels ob ta ined  add ing  a co rrective  te rm  to  the  p o te n tia l p ro p o rtio n a l 
to  —I • Z, the  levels ob ta ined  add ing  the  s p in -o rb it te rm  and th e  shell closures 
co rrespond ing  to  the m agic num bers.
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nucleus is produced, w h ich  is m ore s tab le  th a n  its  neighbours. N uc le i correspond­
in g  to  a s im ultaneous p ro to n  and ne u tro n  shell closure are n o rm a lly  called doubly 
magic. T he  nuclear p rope rties  are usua lly  de te rm ined by the  valence nucleons 
in  the  las t occupied o rb ita ls . T he  o th e r nucleons are supposed to  fo rm  an in e rt 
core w ith  zero sp in  and p o s itive  p a rity , w h ich  in te rac ts  w eak ly  w ith  the  valence 
nucleons. N uclear e xc ita tio n s  are n a tu ra lly  produced p ro m o tin g  valence nucle­
ons in to  unoccup ied s in g le -p a rtic le  o rb ita ls , or b reak ing  the  core and p ro m o tin g  
nucleons in to  unoccup ied s in g le -p a rtic le  o rb ita ls . In  the  la s t case, one speaks o f 
particle-hole  e xc ita tions , since th e  p ro m o tio n  o f a nucleon fro m  the  core leaves a 
vacancy beh ind .
I t  is im p o rta n t to  observe th a t,  since p ro tons feel the  m u tu a l C ou lom b in te rac­
t io n , th e  o rb ita ls  fo r p ro tons  and neu trons are d iffe ren t. However, up  to  100Sn, in  
N  — Z  nuc le i valence p ro tons  and neu trons occupy the  same o rb ita ls . The  large 
supe rpos itio n  o f the  w avefunctions am p lifies  the  p ro to n -n e u tro n  co rre la tions  and 
th e  effects o f the  res idua l in te rac tions .
1 + 2  Nuclear shapes and collective excitations
T he  spherica l shell m ode l re a d ily  accounts fo r  nuclear e xc ita tio n s  in  w h ich  one 
o r a few  nucleons are p ro m o te d  to  h ig h e r- ly in g  s ing le -pa rtic le  o rb ita ls . However, 
o th e r k inds  o f nuclear e x c ita tio n  are possible, in  w h ich  the  nucleus v ib ra tes  or 
ro ta tes  as a whole , as f irs t  dem onstra ted  by  B o h r and M o tte lso n  [Bohr69].
In  o rder to  describe a v ib ra t io n  o f the  nuclear surface, n o rm a lly  the  nuclear 
rad ius  is expressed as a fu n c tio n  o f the  angu la r coord inates <p:
=  1 +  £ a AMl V ( ^ )  (1.5)
^ 0  A/x
where Y \p are the  spherica l ha rm on ics and Rq is the  rad ius  o f a spherica l nucleus 
w ith  the  same vo lum e. In  the  case o f a quadrupo le  d is to r t io n  (A =  2), one 
n o rm a lly  assumes 0:21 — a 2 -1  =  0 since these param eters are re la ted  to  the
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centre-of-m ass m o tion . The  re m a in in g  th ree  coefficients are w r it te n  as:
«20 =  f t  COS 7  (1.6)
rt'22 = <*2 - 2  = ft sin 7 (1-7)
T h is  way, the  /?2 pa ram ete r gives the  degree o f d e fo rm a tion  o f th e  nucleus, w h ile  7
gives its  degree o f a x ia l asym m etry. U sefu l in d ica to rs  are the  differences 5Rxyz =
-Z 7a'yz B-0'
5RZ =  J ~ R 0(32 cosy
■x
( 1 .8 )
- )  3 irJ
(1.9)
A )37ry
( 1 .1 0 )
( 1 .1 1 )
8R.
5RZ
T he  above expressions im p ly  th a t whenever 7  =  k ■ 7r / 3 , tw o  5Ri values are 
id e n tica l and the  nucleus is a x ia lly  sym m etric . For 7  =  0, —2ir/3 the  nucleus is 
said to  be prolate  and the  re su ltin g  shape is c igar-like . For 7  — ± 7t / 3  the  nucleus 
is said to  be oblate and the  re su ltin g  shape is d isc-like.
In  deform ed nucle i, fo r  w h ich  th e  spherica l sym m e try  is broken, new co llective  
e xc ita tio n s  are possible in  w h ich  the  nucleus ro ta tes as a whole, e ithe r in  its  
g round  s ta te  or in  an exc ited  sta te . S ta rtin g  fro m  the  w e ll-know n  h a m ilto n ia n  
fo r a m icroscop ica l ro to r  o f m om en tum  o f in e r t ia  T:
H ^ A r 2 (1 .1 2 )
and m a k in g  the  assum ption  th a t the  to ta l angu la r m om en tum  J  o f the  excited
level is equal to  the  ro ta t io n a l angu la r m om en tum  R, one gets:
E rot(J )  =  ~ J ( J  +  1) (1.13)
T h is  means th a t, assum ing a constan t o r s low ly  chang ing m om en t o f in e rtia :
h2
E r f J  +  1 -+  J) — E 7(J  —» J  — 1) =  —  (1.14)
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lead ing  to  very ch a ra c te ris tic  ro ta t io n a l spectra  w ith  7 -rays equa lly  spaced in  
energy.
The  s itu a tio n  in  rea l nuc le i is, o f course, fa r less schem atic th a n  the  one 
presented above. M a n y  in te rp la ys  between the co llec tive  and the  s ing le -pa rtic le  
degrees o f freedom  are possible. Fo r instance, a ro ta t io n  m ay superim pose on a 
v ib ra t io n  in  the  /?2 o r 7  param eters, genera ting  a ro ta tio n a l band  th a t is called 
respective ly  the (5-band o r th e  7 -band. A n o th e r p o s s ib ility  is th a t  the  ro ta t in g  
nucleus changes its  m om en t o f in e r t ia  fo llo w in g  changes in  its  u n d e rly in g  m ic ro ­
scopical s tru c tu re , w h ich  happens when nucleons are p rom o ted  to  h ig h e r-ly in g  
s ing le -pa rtic le  o rb ita ls . T h is  phenom enon is genera lly  ca lled a backbending or 
bandcrossing. We w i l l  n o t en te r here in to  de ta ils  on these phenom ena, re fe rring  
the  reader fo r m ore in fo rm a tio n  on these top ics  to  [Cast90, E iji8 9 , N ils95].
1 . 3  Nuclear shapes in nuclei with A  cs 6 0 - 8 0
T he  shape o f nucle i w ith  N  ~  Z  in  the  A  cx 60-80 mass reg ion  is observed to  
va ry  ra p id ly  as a fu n c tio n  o f N  and Z . A t  the  low er bo rde r o f the  mass region, 
the  doub ly -m ag ic  nucleus 56N i presents a spherica l shape in  its  ground-sta te . 
However, ro ta tio n a l s tru c tu re s  a t m ed ium  to  h igh  spins were recen tly  observed 
by R udo lph  et al. in  th is  nucleus [Rudo99], show ing th a t i t  is re la tiv e ly  easy to  
break the  56N i core and to  get a p ro la te  de fo rm a tion  p ro m o tin g  pa rtic les  in to  the  
h igh -sp in  g9/ 2 o rb ita l.
A cco rd ing  to  the  deductions  based on the  ava ilab le  expe rim en ta l da ta , the  
64Ge nucleus [Enn i91] has a shape w h ich  is so ft to  7 -d e fo rm a tio n . A  s im ila r  
s itu a tio n  occurs in  o th e r ge rm an ium  and g a lliu m  isotopes.
In  the  lig h t se len ium  isotopes, ob la te  states are possib le accord ing to  calcu­
la tio n s  o f nuclear p o te n tia l energy surfaces [Naza85]. In  p a r t ic u la r , the  N  — Z  
system  68Se should have an ob la te -de fo rm ed ground  state. T he  expe rim en ta l 
d a ta  availab le  a t present [S ko l98 , FiscOO] do n o t inc lude  a tra n s it io n  p ro b a b ility
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estim ate , there fore  the  g round -s ta te  d e fo rm a tion  cannot be established. O th e r 
th e o re tica l ca lcu la tions  suggest th a t in  68Se, like  in  o the r se len ium  isotopes, shape 
coexistence phenom ena shou ld  occur. T he  phenom enon was f irs t ide n tifie d  in  the  
72Se iso tope [Ham i74, M y la89 ]. A cco rd in g  to  the  th e o re tica l ca lcu la tions, a t low  
e x c ita tio n  energies e ith e r a p ro la te  o r an ob la te  d e fo rm a tio n  are possible. The  
bands b u ilt  on these tw o  deform ed states can s tro n g ly  m ix  a t low  e x c ita tio n  en­
ergy. A t  h igher e x c ita tio n  energy, i.e. a t h igher ro ta t io n a l frequency, o n ly  the  
p ro la te  s tru c tu re  survives. Such shape coexistence phenom ena are observed in  
o the r selenium  and k ry p to n  isotopes, see fo r instance [Sko298, FiscOO].
T he  cu rren t e xpe rim en ta l d a ta  suggest th a t the  s tro n tiu m  and z irco n iu m  iso­
topes are again p ro la te -de fo rm ed  (see fo r instance [L is t90 ]). In  p a rtic u la r, the  
N  =  Z  nucleus 76Sr appears to  be the  m ost deform ed nucleus in  the  region, w ith  
a d e fo rm a tion  param ete r /92 >  0.4, as deduced using th e  s im p le  sem i-em p irica l 
G ro d z in s ’ estim ate  [G rod62], w h ich  lin ks  the  energy o f the  f irs t  2 + sta te  to  the  
degree o f c o lle c tiv ity  and to  th e  d e fo rm a tio n  o f the  nucleus. However, ra th e r 
strange ly, as po in te d  o u t in  [L is t90 ], 76Sr is n o t a good exam ple o f ax ia l ro to r. In  
76Sr, the  ra tio  between the  energies o f the  second and o f the  f irs t  exc ited s ta te  is 
R  cf 2.85, com pared w ith  the  th e o re tica l va lue fo r an idea l r ig id  ro to r, R th — 3.33. 
T he  s itu a tio n  is s im ila r  in  n e ighb ou ring  nucle i such as 78Sr and 80Zr. A cco rd ing  
to  the  th eo re tica l estim ates, the  closed-shell nucleus 100Sn has spherica l shape, 
ju s t  like  56N i a t the  b e g inn ing  o f the  shell.
T he  phenomena c ite d  above can be in te rp re te d  on a m icroscop ic  basis. T he  
basic ideas concern ing th e  nuclear shell m ode l have a lready been presented in  
section 1.1. In  p a r t ic u la r , i t  was possible to  exp la in  the  p a r t ic u la r  s ta b il ity  o f the  
so-called m agic nuc le i as an effect o f the  shell closures a t th e  m agic num bers. I t  is 
also possible to  dem onstra te  th a t  nucle i co rrespond ing  to  the  m a jo r shell closures 
have a spherica l sym m etry , see fo r instance [Cast90]. I f  the  nuclear mean fie ld  
has a spherica l sym m etry , each s ing le -pa rtic le  level o f to ta l angu la r m om en tum  
j h  is degenerate, keeping up  to  2j  4 - 1  nucleons.
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T he  s itu a tio n  changes when one considers a nuclear mean fie ld  w ith  no spher­
ica l sym m etry . In  these cases, the  nuclear s tru c tu re  is b e tte r described using 
a D eform ed Shell M ode l, such as the  Nilsson model [N ils55]. Here, the  mean 
p o te n tia l is assumed to  have an a x ia l sym m e try  a long the  z-axis:
T a k in g  such a m ean p o te n tia l, the  energy o f each leve l w i l l  depend also on its  
o r ie n ta tio n  w ith  respect to  the  p o te n tia l. Each single p a rtic le  level sp lits  in to  a 
num ber o f non-degenerate levels, each correspond ing  to  a d iffe ren t value o f the  
m agne tic  q uan tu m  num be r m z or, in  o the r words, to  the  d iffe ren t degrees o f 
supe rpos ition  o f the  w ave func tio n  o f the  level w ith  th e  nuclear mean fie ld . Due 
to  the  obvious shape sym m etry , levels w ith  + m 2 and — m z are degenerate and a 
level o f angu la r m om en tum  j  w i l l  s p lit  in to  (2 j  +  l ) / 2  levels. As an exam ple, the  
N ilsson s ing le -pa rtic le  leve l energies fo r the  64 Ge reg ion  are d isp layed in  figure  1 .2  
as a fu n c tio n  o f a pa ram e te r /32, w h ich  describes the  quad rupo le  de fo rm a tion  o f 
the  nucleus [W yss99]. N o tice  th a t fo r /?2 =  0 the  levels are th e  same as the  ones 
ca lcu la ted  w ith  the  spherica l shell m odel. N o te  also how each spherica l she ll 
m ode l o rb ita l sp lits , save fo r the  j  — 1 / 2  Si/ 2 and p i / 2 levels.
I t  is clear th a t, since fo r each value o f the  d e fo rm a tio n  the  order o f the s ing le­
p a rtic le  levels m ay va ry  w ith  respect to  the  sphe rica lly  sym m e trica l case, new 
shell closures are possib le fo r  a deform ed nucleus. In  figu re  1.2, a shell closure a t 
iV , Z  — 28 is q u ite  ev iden t fo r (32 — + 0 .35 ; o the r possib le deform ed shell closures 
are /V, Z  =  40, 38, 30 fo r {32 >  + 0 .4 , iV , Z  =  34 fo r j32 — —0.2. T h is  exp la ins 
m any o f the  facts c ited  above, nam e ly  the  observa tion  o f p ro la te  ro ta tio n a l states 
in  56N i (N  =  Z  — 28), the  coexistence o f ob la te  and p ro la te  states in  72Se 
(N  =  38, Z  ~  34) and the  s trong  p ro la te  de fo rm a tio n  o f 76Sr (N  =  Z  — 38). 
I t  shou ld  be stressed th a t  in  N  — Z  nuc le i the  valence neu trons and p ro tons 
are f i l l in g  the  same o rb its , thus enhancing the  effects o f the  deform ed shell gaps. 
T he  m icroscop ica l in te rp re ta tio n  o f expe rim en ta l d a ta  fo r nucle i in  th is  reg ion is,
C H A P T E R  1. IN -B E A M  S TU D IE S  O F N  =  Z  N U C LE I. 11
S ing le -pa rtic le  leve ls fo r  pro tons
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S ing le -pa rtic le  leve ls fo r  neutrons
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F ig u r e  1 .2 : N ilsson  orbitals in  the 64Ge region, for protons (top) and neutrons 
(b ottom ). P ositive-parity  orb itals are sketched w ith  a continuous line, negative- 
parity ones w ith  a dashed line. Taken from  [W yss99].
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however, genera lly  n o t easy, since m any valence nucleons have to  be considered 
and the  de ta iled  effects o f the  residua l np in te rac tions , a lth o u g h  im p o rta n t, are 
n o t w e ll established.
1 . 4  Pairing correlations
I t  is w e ll know n th a t  in  a ll even-even nuc le i (w ith o u t exception ), the  g round 
s ta te  has s p in /p a r ity  H  — 0+ . T h is  ind ica tes  th a t the re  is a s trong  tendency 
fo r nucleons to  couple in  pa irs  o f zero angu la r m om entum . T h is  coup ling  m a }7 
produce s trong  effects in  the  nuclear s tru c tu re . C onsider fo r instance the  b in d in g  
energy B (N , Z ), defined by:
m (N , Z ) =  Z m H +  N m n -  B ( N , Z )  (1.16)
T he  average behav iou r o f the  b in d in g  energy is g iven by a sem iem p irica l fo rm u la  
derived by von W eiszacker and Bethe in  the  1930's [Weis35, Beth36]:
B (N , Z ) =  av A-  as A 2' 3 -  ac N I ± A  -  r f yJ A z Z L  ( 1 .1 7 )
F ix in g  the  mass num ber A , there  is a p a ra b o lic  dependence between B  and the  
a tom ic  num ber Z . T h is  reproduces the  s itu a tio n  fo r o d d -r i nucle i, b l i t  appears 
to  fa il when describ ing  even-A  nucle i. T he  expe rim en ta l d a ta  show th a t evan-Z  
isobars (even-even) and o d d -X  isobars (odd -odd ) lie  over tw o  d iffe ren t parabolae. 
T h is  ind ica tes th a t an a d d it io n a l te rm  A pp +  A nn has to  be in troduced  in  the  
mass fo rm u la  to  account fo r  the  increased s ta b il ity  o f the  even-Z-even-JV nucle i. 
E m p ir ic a lly , A pp =  0 fo r  odd  Z , A pp ~  1 2 / A 1/ 2 M e V  fo r even Z  (w ith  an ana lo­
gous re la tio n sh ip  fo r  A nn fo r  even N ).  T h is  means th a t pa irs  o f like  nucleons in  a 
s ta te  o f zero to ta l angu la r m om en tum  are m ore s tro n g ly  bound  than  pa irs o f like  
nucleons in  a s ta te  w ith  to ta l angu la r m om en tum  d iffe ren t fro m  zero. I t  shou ld  
be noted th a t  these pa irs  o f like  nucleons can o n ly  couple to  isospin T  — 1. T he  
existence o f p a ir in g  co rre la tions  leads q u ite  n a tu ra lly  to  a fo rm a lism  in  w h ich  the
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Figure 1.3: T he fo u r possible coup lings between pa irs  o f nucleons. In  the cou­
p lin g  o f like  nucleons (a) and (b ), the  correspond ing “ supe rconduc ting ” nuclear 
states have been observed. In  the  coup ling  o f un like  nucleons, tw o  d iffe ren t isospin 
states are possible, w ith  T  =  1 (5  =  0, (c) case) and T  =  0 (5  =  1, (d) case). 
T he  las t case is im p o rta n t o n ly  very close to  the  N  =  Z  line , re fer fo r instance 
to  [S a tl9 7 , Sat297] fo r m ore deta ils .
pa rtic les  are s u b s titu te d  by quasiparticles and the states close to  the  Ferm i sur­
face m ay be p a r t ia lly  occupied, ra th e r th a n  com p le te ly  occupied o r em pty. T h is  
can be proven m ore fo rm a lly  by n o tic in g  th a t the  p a ir in g  in te ra c tio n  has non-zero 
d iagona l m a tr ix  elements, in d u c in g  sca tte ring  o f corre la ted  pa irs  between states, 
see fo r instance [Cast90] fo r m ore deta ils .
N uc le i w ith  N  =  Z  <  50 co n s titu te  a very special subgroup, since valence 
p ro tons and neutrons occupy the same s ing le -pa rtic le  o rb ita ls . F o llow ing  the  large 
supe rpos ition  o f th e ir  wave func tions , i t  is possible th a t p ro to n -n e u tro n  pa irs  are 
fo rm ed. Since p ro to n  and neu tron  are d is tingu ishab le , such pa irs  can exis t in  tw o 
states (see figure  1.3). The  f irs t s ta te  is the  exact equ iva len t o f the  pp and nn 
pa irs w ith  T  =  1, S — 0 ( in  o the r words, i t  is the  Tz =  0 com ponen t o f the  T  =  1
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t r ip le t ) .  T he  second s ta te  is q u ite  d iffe ren t, hav ing  T  — 0 and 5  =  1. A lth o u g h  
in  p r in c ip le  the  T  =  0 np  p a ir in g  shou ld  give rise to  a new “ supe rconducting ” 
nuclear phase, i t  has n o t ye t been iden tified . A p a r t fro m  the  W ig n e r energy 
[W ign37, S a tl9 7 , Sat297], representing the  p a r t o f the  b in d in g  energy due to  the  
np  p a ir in g  co rre la tions , there  are no o the r established expe rim en ta l s ignatures 
o f th is  phenom enon. A  possible f in g e rp r in t o f such a nuclear phase could be an 
energy gap in  th e  levels o f odd -odd  nucle i, s im ila r  to  th a t  observed a t low  energies 
in  even-even nuc le i [Iach94].
There is c u rre n tly  a great in te res t on th e  top ics  o f np p a ir in g , see fo r instance 
[deAn97, deAn98].
1 . 5  Isospin
The idea o f charge independence o f the  N uc lea r H a m ilto n ia n  leads qu ite  n a tu ra lly  
to  a descrip tion  o f p ro tons  and neutrons as tw o  states o f th e  same p a rtic le , the  
nucleon . A  new in te rn a l coo rd ina te , the  isosp in , characterizes the  nucleon. T he  
fo rm a lism  describ ing  th e  isospin is in tro d u ce d  by analogy w ith  the  usual spin. 
T he  isospin o p e ra to r T  and its  th ird  com ponen t, T z, are in tro d u ce d  in  a w ay
th a t:
TO p > =  - | | p >
T* in > =  + ^ l n >
(1.18)
(1.19)
In  N uclear Physics, i t  is cus tom ary  to  p u t:
t 2 |p) =  - |p >  
t2 |n) =  + | n )
(1 .2 0 )
( 1 .2 1 )
T he  charge o p e ra to r Q can thus be w r it te n  as:
Q =  | ( 1  ~ T z) (1 .2 2 )
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1.5.1 Selection rules for electromagnetic transitions
T he  isospin fo rm a lism  can be derived in  com ple te  analogy w ith  the  o rd in a ry  sp in  
fo rm a lism , see fo r instance [Henl69, W arb69] in  the  review  by  D .H . W ilk in so n . 
Thus, the  same vecto r a d d it io n  equations can be in tro d u ce d  and selection rules 
fo r  the  e lec trom agne tic  tra n s itio n s  can be derived. T he  general fo rm  fo r the  
h a m ilto n ia n  o f the  e lectrom agne tic  in te ra c tio n  is:
nuclear cu rren t density. A ssum ing  p o in t nucleons and tw o  independent c o n tr ib u ­
tions  a ris ing  fro m  the  nucleon ic m o tio n  and fro m  the  nucleon ic sp in , one obta ins:
w ith  V  ac ting  on the  fie ld  coord inates only. U s ing  the  isospin fo rm a lism , the  
expression can be p u t in  a m ore elegant way:
where A l m  is the  vec to r p o te n tia l o f the  e lectrom agne tic  fie ld  and jfy  is the
(1.24)
(1.25)
—# —YfU —*( i j
w ith  } i+ =  /.in +  / ip, /a_ =  / in — f ip. I t  is n a tu ra l to  s p lit  j y  =  yN 4- j N , depending 
on the  isospin dependency:
(1.26)
(1.27)
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A cco rd in g ly :
H( L, M)  =  H {0)(L, M) +  H m (L, M)
=  \ J  I n  ( 0  ' ( 0  d r  +  1 J  ( r )  ■ A*LM ( f)  d r  (1.28)
W ith o u t any de ta iled  in fo rm a tio n  a b o u t the  s tru c tu re  o f the  vecto r p o te n tia l, 
m any im p o r ta n t p rope rties  can be deduced. Fo r instance, a p p ly in g  the  W ig n e r-
E ckh a rt theorem  to  the m a tr ix  elem ent one obta ins:
(JbM b; TbT3b\H ™  +  H ^ \ J a M aTa T3a)
t
=  ( - l ) Tb~T3t' (JbM b-: Tb\ \H ^ \ \ J a M a ]Ta) +  
(JbM b- T b\ \H ^ \ \ J a M a ] Ta) (1.29)
Tb 0 Ta 
\  —T$b 0 TSa
Tb 1 Ta 
 ^ —Tsb 0 T3a J
where there  is no fu r th e r  dependence on T 3 =  7 4  =  7 4  in  the  m a tr ix  elements 
on the  r.h.s.. T h e  la s t e q u a lity  is a t r iv ia l  consequence o f the  fa c t th a t the  r.h.s. 
id e n tic a lly  vanishes unless i t  is verified .
F rom  the  W ig n e r coeffic ients, i t  is c lear th a t  an e lectrom agnetic  tra n s it io n  
m ay occur o n ly  i f  A T  =  0 or A T  =  ± 1 . Fo r the  isoscalar p a r t i t  is:
\
( - 1 )
R —Ts T„ 0 =  (2Ta +  l ) ~ 1/2ST M  (1.30)
736 0 T3q J
(JbM „ ;T a\ \ H ^ \ \ J a M a; T a) =  (1.31)
thus p ro v in g  th a t,  indepe nden tly  fro m  the  fo rm  o f the  vec to r p o te n tia l, the
isoscalar tra n s it io n  m a tr ix  elements vanishes except fo r T  -4  T  tra n s itio n s .
For the  isovector p a r t i t  is:
{—\ ) Tb-T3 ( Tb 1 Ta \ =  {—\ ) Tb+'13 '  T„ 1 Ta 0
[ ~ T S o t 3 ) { T 3 0 - T ,  J
=  (—i f 6
~Ta T | - T |
T>(2T> — 1)(2T> +  1)
(1.32)
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w ith  T> =  m a x (T a, Tb). As a consequence, s im ila r  tra n s itio n s  w ith  A T  =  ±'1 
have the same p rope rties  in  con juga te  nucle i. T h is  is n o t tru e  fo r A T  — 0 tra n s i­
tions , because o f the  non-van ish ing  isoscalar c o n tr ib u tio n . F rom  the  p rope rties  o f 
the  W ig n e r-E c k h a rt coeffic ient, the  fo llo w in g  im p o r ta n t ru le  can be deduced: the  
isovector c o n tr ib u tio n  vanishes id e n tic a lly  in  se lf-conjuga te nuc le i w ith  T 3 =  0.
We sha ll now  prove th a t the  m a tr ix  elements o f the  isoscalar p a r t o f the  elec­
tr ic a l E l  op e ra to r id e n tic a lly  vanish in  th e  long-w ave length  l im it .  A  convenient 
expression fo r the  e lec tric  vecto r p o te n tia l is the  fo llow ing :
a su rfa c e -a t- in fin ity  in te g ra tio n , where the  nuclear w avefunction  vanishes. T he  
resu lt o f the  in te g ra tio n  is:
s itions  m ust l in k  states w h ich  are o rth o g o n a l in  th e ir  in te rn a l coord inates, the
where k is the  w avenum ber. E xp a n d in g  j f f ik r )  in  powers o f k r:
One obta ins:
kL- l V r LY tM +  o ( ( k r ) 2) (1.35)
For the  p a r t ic u la r  case o f an e lec tric  d ipo le  tra n s it io n , L  — 1 and:
(1.36)
where eM is the  u n it  vec to r in  the  M -d ire c t io n  and (em )* — (—l ) M eM . Thus, 
the  isoscalar in te ra c tio n  assumes the  fo llo w in g  fo rm :
The  c o n tr ib u tio n  fro m  the  sp in  p a r t o f vanishes to  order { k r ) 2, g iv in g  rise to
where P  =  Y2iPi is the  centre-of-m ass m om en tum . Since e lec trom agne tic  tra n -
(
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m a tr ix  elements o f P  between those states w il l  vanish also. W e have thus proven 
th a t, in  th e  long  w ave leng th  l im it ,  the  isoscalar p a r t o f the  in te g ra tio n  m a tr ix  
vanishes fo r an E l  tra n s it io n . Since in  the  case o f A T  =  0 tra n s itio n s  the  isovec­
to r  p a r t vanishes, we have thus also proven th a t in  se lf-con juga te  nucle i, E l  
tra n s itio n s  w ith  A T  =  0 are fo rb idden .
S im ila r  argum ents can be app lied  in  the  case o f m agne tic  tra n s itio n s , b u t 
the  resu lts  are less exact th a n  in  the  case o f e lectric  tra n s itio n s . C o m p a rin g  the 
streng ths o f the  isovector and o f the  isoscalar p a r t o f the  in te ra c tio n , i t  is possible 
to  deduce th a t,  as a general tre n d , one shou ld  expect a ll m agne tic  tra n s it io n s  w ith  
A T  =  0 to  be h indered  in  se lf-con juga te  nucle i. For m ore de ta ils , we s im p ly  re fer 
to  [W arb69].
1.5.2 Coulomb-induced Isospin mixing
Prev ious ly , we have assumed th a t the  nuclear states invo lved  in  the  tra n s itio n s  
have perfec t isospin, o r in  o th e r words th a t  isospin is a good qu a n tu m  num ber. 
One shou ld  n o t fo rge t, however, th a t  a t nuclear level the  C ou lom b  in te ra c tio n  
is present, w h ich  fo r  its  na tu re  is c le a rly  n o t charge independent. A  convenient 
expression fo r the  C ou lom b in te ra c tio n  is:
e2
l +  =  E l ( l - + ) ( l - + j T  (1-39)
i>j ^ ij
w h ich  can be separated in to  an isoscalar, an isovector and an isotensor parts :
fo* = + (1-40)
iyj ij v  °  '
fo* = - E ™ ( f o + f o )  (1-41)
i>j ^  7
fo* = E \h (fofo* ~ 5+ • %) (L42)
i>j b  v  o  /
T he  isovector p a r t c lea rly  can induce m ix in g  between states whose isospin d iffe r
by one u n it .  T he  resu lts  ob ta ined  in  th e  previous subsections are s t i l l  app rox i-
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m a te ly  va lid , i f  the  C ou lom b in te ra c tio n  can be considered a sm a ll p e rtu rb a tio n  
o f the  d o m in a n t nuclear h a m ilto n ia n .
I t  shou ld  now be observed th a t the  m ix in g  induced by the  C ou lom b in te ra c tio n  
m ay exp la in  w hy tra n s itio n s  w h ich  w ou ld  be otherw ise fo rb idden  a c tu a lly  occur. 
Consider fo r exam ple the  lo w -ly in g  states o f even-even se lf-con juga te  nucle i. In  
the  absence o f C ou lom b in te ra c tio n , these w ou ld  be pure T  — 0 states, b u t 
the  C ou lom b in te ra c tio n  induces an a d m ix in g  between these and the  T  =  1 
states (w ith  the  same qu a n tu m  num bers) ly in g  h igher in  e x c ita tio n  energy. T he  
w avefunctions w i l l  have the  fo llo w in g  s tru c tu re :
|N  =  Z ; a ) =  f i \ N  =  Z \  a; T  =  0) +  a \N  =  Z \ a; T  =  1) (1.43)
where a stands fo r the  set o f q u a n tu m  num bers (save fo r isospin) fu l ly  spec ify ing  
the  s ta te  and a 2 +  (32 =  1. N o te  th a t  in tro d u c in g  the  fa m ilia r  isosp in  ra is ing  and 
low ering  operators:
T + =  7 j - H T 2 (1.44)
T_ =  T i - i T 2 (1.45)
one can e x tra c t the  isospin m ix in g  p ro b a b ility  as:
ct2 =  1 { N  =  Z; a \T .T + \N  =  Z; a)(1.46)
T h is  can be easily ve rified  rem em bering  th a t:
(N  =■ Z \ a \T  — t i \ N  =  Z \ a\ T  — t 2) =  8tlt2 (1.47)
E le c tr ic  d ipo le  tra n s itio n s  between tw o  states a, b are thus a llow ed between 
the  T  =  0 com ponent o f the  s ta te  a and the  T  =  1 com ponen t o f the  sta te  6 , 
or between the T  =  1 com ponent o f a and the  T  — 0 com ponent o f b. Since, in  
the  p e r tu rb a tiv e  l im it ,  in  the  lo w -ly in g  states o f se lf-con juga te  nuc le i a 2 (32
( typ ica lly , one expects a 2 o f the  o rde r o f a few per cent), one shou ld  expect th a t
the  s tre n g th  o f these “ fo rb id d e n ” tra n s it io n s  w il l  be much low er th a n  the  ty p ic a l 
values fo r e lec tric  d ipo le  tra n s it io n s  in  N  Z  nuclei.
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1 . 6  The 64 Ge nucleus
I t  is w o rth w h ile  to  review  the  lite ra tu re  rega rd ing  the  64Ge nucleus. N o te  th a t 
new resu lts  on i t  have been ob ta ined  in  the  present w ork, w h ich  are presented in  
chapters 3 and 4.
As discussed in  [Enn i91], the  p red ic ted  g round-s ta te  shape o f 64Ge is very 
sensitive to  the  m e thod  o f ca lcu la tio n  employed. M any  d iffe re n t th e o re tica l ap­
proaches have been a tte m p te d , b u t to  date  the  expe rim en ta l d a ta  suggest th a t 
a t low  spins a t least, th is  nucleus has a t r ia x ia l d e fo rm a tion  and is “ so ft”  to  
7 -d e fo rm a tio n . C a lcu la tion s  in c lu d in g  m irro r-a s y m m e tr ic  shapes up to  the  hex- 
adecapole shape degrees o f freedom  [Naza90] suggest the  presence o f enhanced 
oc tupo le  co rre la tions  a round N  =  Z  — 32. T he  same ca lcu la tions  p re d ic t th a t the  
neu tron -d e fic ien t ge rm an ium  and se len ium  isotopes w ou ld  be so ft w ith  respect to  
oc tupo le  de fo rm a tion , and in  p a r t ic u la r  th a t  these effects shou ld  be strongest in  
64Ge.
T h e  s u s c e p tib ility  o f nuc le i to  o c tupo le  de fo rm a tion  s tro n g ly  depends on th e ir  
u n d e rly in g  m icroscop ic s tru c tu re . Specifica lly , in  cases o f pe rm anen t oc tupo le  
d e fo rm a tio n , there  are s in g le -pa rtic le  o rb ita ls  w h ich  d iffe r by  th ree  u n its  o f o rb ita l 
and to ta l angu la r m om en tum  (i.e. A I =  A  j  =  3) and lie  close to  the  Ferm i surface 
fo r both p ro tons and neutrons. For instance, in  the  case o f nuc le i close to  222R a 
[W ard83] the  o rb ita ls  invo lved  are 7r f7/2 —> v rii3/2 fo r p ro tons and ^g 9/ 2 —> *4:15/2 
fo r  neutrons. In  the  p ro to n -r ic h  ge rm an ium  and selenium  isotopes, the  p 3/ 2 and 
g9/ 2 o rb ita ls  lie  close to  the  F e rm i surface fo r b o th  p ro tons and neu trons, therefore, 
there  is the  p o s s ib ility  th a t  s ig n ifica n t oc tupo le  corre la tions  can be expected in  
these nucle i.
In  the  case o f a x ia lly  s ym m e tric  nuc le i w ith  m oderate  o c tu p o le  de fo rm a tion , 
the  m a in  expe rim en ta l s igna tu re  o f a pe rm anen t oc tupo le  d e fo rm a tio n  is the  ob­
se rva tion  o f a n e g a tive -p a rity  ro ta t io n a l band, depressed in  e x c ita tio n  energy and 
in te rleaved w ith  the  p o s it iv e -p a r ity  g round -s ta te  ro ta t io n a l band. The  change
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o f p a r ity  is a consequence o f th e  re flec tion -asym m etric  shape associated w ith  a 
pe rm anen t oc tupo le  d e fo rm a tion . F o llo w in g  the  change o f p a r it}7, enhanced F I  
tra n s it io n s  shou ld  connect the  p o s itive - and n e g a tive -p a rity  bands. In  the  case 
o f t r ia x ia l nucle i, the  s itu a tio n  is com p lica ted  by the m u tu a l in te ra c tio n  o f the  
o c tupo le  n e g a tive -p a rity  band and the  7 -v ib ra tio n a l band. T h is  shou ld  lead to  a 
lo w -ly in g  2 “  s ta te  re su ltin g  fro m  th e  co u p lin g  between th e  7 -v ib ra tio n a l and the  
oc tupo le  band  [Chas8 6 ].
I t  shou ld  be noted th a t lo w - ly in g  n e g a tive -p a rity  states have been observed 
in  nuc le i in  th is  reg ion [Gros89]. However, these states have been in te rp re te d  as 
a ris ing  fro m  non-co llective , tw o -q u a s i-p a rtic le  exc ita tions  or fro m  non-perm anent 
oc tu p o le  v ib ra tio n s . M ore  exp e rim e n ta l d a ta  is there fore  needed before perm a­
nen t oc tupo le  d e fo rm a tion  is c le a rly  dem onstra ted  in  th is  reg ion.
In  the  case o f 64Ge, the  ca lcu la tion s  o f [Naza90, Skal91] in d ica te  th a t  b o th  
the  oc tupo le  and the  t r ia x ia l degrees o f freedom  should be considered and th a t 
th e y  shou ld  be s tro n g ly  coupled. N e g a tive -p a rity  states were proposed in  64Ge 
by E nn is  and co-workers, b u t  such states cou ld  no t be unde rs tood  in  te rm s o f 
a co llec tive  ro ta t io n  coupled to  an oc tupo le  v ib ra tio n  [Enn i91 ]. P robab ly , the  
m ix tu re  o f such a co llec tive  e x c ita tio n  w ith  a tw o -quas i-pa rtic le  e x c ita tio n  should 
be inc luded . A n  expe rim en ta l es tim a te  o f the  life tim es  o f the  3 ^~) and 5 (~) states 
w o u ld  also he lp  in  addressing th is  question .
A n o th e r p rob lem  fo r w h ich  a life t im e  estim ate  is needed is th e  presence o f 
an assigned intense F I  tra n s it io n  in  64Ge. As po in ted  o u t in  [R adi52, Gamb52] 
and as discussed in  section 1.5.1, F I  tra n s itio n s  between the  lo w -ly in g  states o f 
N  — Z  nucle i w ith  T  — 0 characte r are fo rb idden  and the  o n ly  possible way 
to  p roduce a f in ite  F I  s tre n g th  between such states is to  assume th e  a d m ix tu re  
o f one (o r m ore) sta te(s) w ith  T  =  1 (and equal sp in  and p a r ity )  to  the  paren t 
s ta te  a n d /o r  to  the  daugh te r s ta te  o f the  F I  tra n s itio n . T h is  cou ld  be the  case in  
64Ge, where, accord ing to  the  estim ates o f [Doba95], the  degree o f isospin m ix in g  
shou ld  have a loca l m ax im um . A s discussed in  [Enni91], a m easurem ent o f the
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l ife t im e  o f the  5~ level depopu la ted  by  the  1665 keV  F I  tra n s it io n  is essential to  
get a precise estim ate  o f th e  degree o f isospin m ix in g . I t  shou ld  be noted th a t 
the  estim ates o f the  life tim e  s tro n g ly  depend on the m ode l used to  o b ta in  them , 
be ing  rises — 62 • 10~12s in  the  w o rk  o f E nn is  and co-workers [Enn i91] and being 
a b o u t 1000 tim es sho rte r in  the  m ode l by B in i and co-workers [B in i84 ], o r ig in a lly  
in tro d u ce d  to  exp la in  fo rb id d e n  F I  tra n s it io n s  in  the  s-d shell.
Thus, tw o  goals o f the  present w o rk  were f ir s t ly  to  produce a c lear assignment 
fo r  the  1665 keV  tra n s it io n  and secondly to  measure the  life t im e  o f the  I n =  5 _^ )
In  o rder to  get spectroscopic in fo rm a tio n  on the  nucle i o f th is  mass region, ty p ­
ic a lly  fus ion -evapora tion  reactions have been used. In  th is  k in d  o f reactions the
an in te rm e d ia te  exc ited  system , nam ed the  compound nucleus. T he  com pound 
nucleus has no m em ory  o f the  in i t ia l  s ta te , save fo r energy, m om en tum  and an­
g u la r m om en tum  conservation . I ts  e x c ita tio n  energy E x is g iven by  the  fo llo w in g  
expression:
where energy and m om en tum  conserva tion  have been assumed, m t are the  
masses o f the  beam  and o f the  ta rg e t nucle i respective ly  and F& is the  beam 
energy in  the  la b o ra to ry  reference fram e. Q is called the  Q-value and is defined 
as the  d ifference between the  masses o f the  in it ia l and fin a l states:
level.
1 . 7  Experimental problems
beam  and the  ta rg e t nuc le i fuse toge the r, sharing  th e ir  nucleons and fo rm in g
(1.48)
(1.49)
T here  is no de fin ite  way to  p re d ic t the  decay o f each sing le  re co ilin g  com pound 
nucleus, b u t some general features m ay be po in ted  ou t (figure  1.4):
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Figure 1.4: Schem atic h is to ry  o f a fus ion -evapo ra tion  reaction . Taken from  
[R ile98 ].
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1. Light particle emission: a t the  f irs t stages o f the  decay o f the  com pound nu­
cleus, l ig h t pa rtic les  are e m itte d  ( evaporated) w ith  an ap p ro x im a te  iso trop ic  
d is tr ib u t io n  in  the  centre o f mass system  and a th e rm a l energy spectrum . 
Since the  em ission o f charged pa rtic les  is h indered by  th e  C ou lom b ba rrie r, 
n o rm a lly  the  evapo ra tion  o f neu trons is a faster process th a n  the  evapo­
ra tio n  o f p ro tons and a  pa rtic les . Each p a rtic le  removes abo u t 5 -8  M eV  
per nucleon and carries an few u n its  o f angu la r m om en tum , leav ing  the  
angu la r m om en tum  o f the  res idua l nucleus o n ly  m a rg in a lly  reduced. T h is  
means th a t  m ost o f the  com pound nucleus e x c ita tio n  energy is d iss ipated 
th ro u g h  p a rtic le  evapora tion . T h is  process continues u n t i l  the  7 -ray  em is­
sion p ro b a b ility  becomes com parab le  to  the  p a rtic le  em ission p ro b a b ility . 
T h is  genera lly  happens when the  com pound nucleus e x c ita tio n  energy is 
com parab le  to  (o r low er th a n ) the  p a rtic le  separa tion  energy.
2 . 7 -ray emission: a fte r p a rtic le  evapora tion , the  res idua l nucleus is genera lly  
le ft  in  a sta te  o f re la tiv e ly  h igh  angu la r m om entum , w h ile  its  e xc ita tio n  
energy is o f the  same order as the  p a rtic le  separation  energy. Subsequently, 
the  res idua l nucleus decays v ia  the  em ission o f 7 -rays. A t  h igh  e xc ita tio n  
energy, the  dens ity  o f states is large and m any decay pa ths  are available; 
th e  m any tra n s itio n s , closely spaced in  energy, between these states create 
a co n tin u u m  background. W hen  the  e xc ita tio n  energy is low  enough, the  
nucleus f in a lly  decays th ro u g h  d iscrete tra n s itio n s  between the  y ra s ta states, 
w h ich  are w id e ly  spaced in  e x c ita tio n  energy.
T he  angu la r d is tr ib u t io n  o f the  evaporated pa rtic les  is a p p ro x im a te ly  iso trop ic  
in  the  centre o f mass system , a p a rt fro m  C ou lom b b a rr ie r effects in  deform ed 
com pound  nucle i, w h ich  favour the  em ission o f charged pa rtic les  in  d irec tions  
where the  b a rr ie r is lower. D ue to  th e  m o tio n  o f the  com pound  nucleus, the
aFor each value of nuclear spin J, the yrast state is defined as the state with the lowest 
excitation energy.
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angu la r d is tr ib u t io n  in  the  la b o ra to ry  system  is no t iso trop ic , b u t i t  is peaked a t 
fo rw a rd  angles, fo llo w in g  th e  in i t ia l  centre o f mass ve lo c ity  vcm\
I t  is clear th a t  in  fu s ion -evap o ra tion  reactions m any e x it channels m ay be 
open, fo llo w in g  the  various possib le decay pa ths o f the  com pound  nucleus. Since
th e m  in  the  A  ~  70 mass reg ion  is genera lly  ra th e r low , and, a d d itio n a lly , i t  is 
m uch low er th a n  the  p ro b a b ility  to  pop u la te  the com pe ting  reac tion  channels. 
There fo re , fro m  an exp e rim e n ta l p o in t o f v iew , great care has to  be taken to  
iso la te  the  signals o f in te res t am ong th e  unw anted background.
Even the  h igh  selecting power o f la rge arrays o f H ig h -P u r ity  G e rm an ium  de­
tecto rs , like  G ASP o r E U R O B A L L , is o ften  n o t su ffic ien t by  its e lf  to  s tu d y  nucle i 
fa r  fro m  the  s ta b il ity  line . H ig h e r se le c tiv ity  can be reached by  com bined use o f 
these arrays w ith  special a n c illa ry  detectors to  tr ig g e r the  signals o f in te rest. One 
o f the  goals o f the  present w o rk  has there fo re  been the  developm ent o f one such 
de tec to r, the  IS IS S i-ba ll, to  p e rfo rm  in -beam  studies o f nuc le i re q u ir in g  h igh  
channel se le c tiv ity  and in  p a r t ic u la r  o f 64Ge. In  the  nex t chap te r the  deta ils  on 
the  design and co n s tru c tio n  o f IS IS  w i l l  be provided, toge the r w ith  the  basic ideas 
on channel selection w ith  a rra y  o f 7 -ra y  detectors.
(1.50)
N  — Z  nucle i above 40C a lie  fa r  fro m  the  s ta b il ity  line , th e  p ro b a b ility  to  popu la te
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In  th is  chapter we w i l l  re p o r t on the  design, co n s tru c tio n  and o pe ra tion  o f the  
IS IS  S i-ba ll. T h is  device, com posed o f 40 A E -E  Si telescopes, has been used in  
coupled ope ra tion  w ith  the  G A S P  and the  E U R O B A L L  arrays.
F irs t, we w il l  discuss th e  choice o f s ilicon  detectors and the  adopted geometry. 
T hen , we w il l  p rov ide  d e ta iled  in fo rm a tio n  on the m echanica l a rrangem ent and 
on the  adopted e lectronics. We w i l l  then  present the  pe rfo rm ance o f the  detector, 
in c lu d in g  its  c a p a b ility  to  d is c r im in a te  between the  various re ac tion  channels, its  
effic iency and the  p o s s ib ility  i t  offers to  im prove  the  reso lv ing  power o f a 7 -ray  
spectrom ete r th ro u g h  a k in e m a tic a l recons truc tion  o f events. F in a lly , we w il l  ta lk  
a b o u t th e  design and co n s tru c tio n  o f the  im proved version o f IS IS , the  E U C L ID E S  
S i-b a ll, w h ich  recen tly  s ta rte d  ope ra tion . P a rt o f th is  w o rk  has p rev ious ly  been 
presented in  [Farn97, Gade97].
2 . 1  Arrays of HPGe detectors
Recent trends in  7 -spectroscopy invo lve  the  s tu d y  o f nuc lear states popu la ted  
w ith  very  sm a ll cross sections w ith  respect to  the  to ta l reac tion  cross section. As 
a resu lt, one has to  iso la te  the  signals o f in te rest fro m  an unw anted  background 
o f intense and d o m in a tin g  signals.
26
CHAPTER 2. THE ISIS SI-BALL 27
Figure 2.1: Effects o f the  f in ite  open ing angle o f the  detectors.
T he  m ost n a tu ra l way to  achieve th is  is to  use m u ltip le - fo ld  coincidences. 
T he  energies o f the  7 -rays e m itte d  by each nucleus are ty p ic a l and characte ris tic , 
there fore  a cqu iring  the  d a ta  o n ly  when fixed-energy 7 -rays are detected ( th a t is, 
putting  gates over the tra n s itio n s  o f in te res t) the  signals correspond ing  to  the 
nucleus o f in te rest can be enhanced. W h a t is usua lly  done, is to  acquire  a ll o f the 
signals on tape , and to  p u t software gates la te r, so th a t no in fo rm a tio n  is lost.
I t  is clear th a t good energy reso lu tion  is essential in  such stud ies, since when 
the  energies o f tw o  7 -rays are w ith in  the  reso lu tion  o f the  detectors, i t  w i l l  be no t 
possible to  d is tin g u ish  them . P u tt in g  a gate over one o f the  tra n s itio n s , the  o the r 
w il l  also lie  w ith in  the  gate and ne ith e r o f the  7 -rays w il l  p roduce fu ll,  com plete 
channel selection.
A  benefit o f using m any detectors is th a t  the  overa ll de tec tion  effic iency in ­
creases. T h is  reduces the  tim e  requ ired  to  co llec t spectra  w ith  the  desired s ta tis ­
tics.
The  same effic iency value can be ob ta ined  by p u tt in g  fewer detectors very 
close to  the  source, o r m any detectors fa r fro m  the  source. However, using on ly  
a few detectors w il l  im p ly  a loss o f se lec tiv ity , because i t  w i l l  n o t be possible to
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gate on h ig h -fo ld  events. In  a d d it io n , us ing a few  detectors, each one covering 
a la rge  so lid  angle, the re  w i l l  be a h ig h  p ro b a b ility  o f m u lt ip le  h its , th a t  is, 
tw o  o r m ore 7 -rays s im u ltaneou s ly  h it t in g  the same c rys ta l, when m an }7 photons 
are e m itte d  a t the  same t im e  fro m  th e  source. Such h ig h -m u lt ip l ic ity  cascades 
are ty p ic a l in  fus ion -evap o ra tion  reactions. W hen  a m u lt ip le  h i t  event occurs, 
a ll o f the  in fo rm a tio n  ca rried  by  the  in d iv id u a l pho tons w i l l  be in e v ita b ly  los t, 
there fo re  the  m u ltip le  h i t  p ro b a b ility  shou ld  be m in im ize d . T h is  im p lies  th a t  
high g ranu la rity  is requ ired  fo r  a m u lti-d e te c to r system .
A  h igh  g ra n u la r ity  is also requ ired  to  co rrect fo r D o p p le r effects, w h ich  occur 
when the  photons are e m itte d  fro m  a reco iling  nucleus. T h e  expression describ ing 
the  D opp le r effect is g iven by the  w e ll-know n  equation:
w here j3 is the  reco il speed, expressed as a fra c tio n  o f th e  speed o f lig h t, and 9 is
A ssum ing  th a t the  de tec to r covers an in fin ite s im a l so lid  angle, the  effect w ou ld  
be th a t  the  energies o f a ll o f the  detected photons w ou ld  be sh ifted  by the  same 
am oun t w ith  respect to  th e  energies o f the  e m itte d  photons. Since, however, rea l
(2 .1 )
the  angle between the  re co il ve lo c ity  and the  d ire c tio n  o f observa tion  (figure  2 .1 ).
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detectors cover a f in ite  so lid  angle, photons w il l  in te ra c t w ith in  a f in ite  angu la r 
range [9 — A #, 9 +  A # ] and the  effect w i l l  be th a t the  lin e  w i l l  be broadened by 
a f in ite  am ount, w h ich  can be es tim a ted  in  f irs t  o rder as:
where A 9 is the  ha lf-o p e n in g  o f the  detectors. There fore , in  o rder to  reduce th is  
effect, the  detectors shou ld  cover as sm a ll a so lid  angle as possible. I t  should be 
m entioned  th a t o th e r effects in d u c in g  a ve lo c ity  d ispersion o f the  reco iling  nucle i 
c o n tr ib u te  to  the  D o p p le r b roaden ing  o f the  peaks, am ong w h ich  the  in te ra c tio n  
w ith  the  atom s o f the  ta rg e t and the  evapo ra tion  o f l ig h t  pa rtic les . A  m ore 
de ta iled  discussion w il l  be given in  section 2 .6 .
These no tions  a b o u t m u lt i-d e te c to r systems can be w r it te n  down in  a m ore 
fo rm a l way, as discussed in  [G erl92]. Im ag ine  th a t one w ants to  s tu d y  a cascade o f 
M 7  tra n s itio n s , popu la te d  w ith  in te n s ity  c*o in  a fus ion -evap o ra tion  reaction , w ith  
a mean separation  S E 1 between the  tra n s itio n s . I t  is c lear th a t  o n ly  peaks s tand­
in g  o u t fro m  the  background  can be p ro p e rly  iden tified . We can say a rb it ra r ily  
[Gerl92] th a t  a peak is id e n tifie d  when its  peak-to -background  ra t io  N v/N i  (fig ­
ure 2 .2 ) is la rge r th a n  0.2 and its  area is la rge r th a n  100 counts. T he  background 
consists o f an unco rre la ted , fo ld -indep enden t p a rt, com ing  fro m  tra n s itio n s  th a t  
are n o t in  coincidence w ith  the  cascade (b o th  fu ll-e n e rg y  and C om pton  events), 
and o f a corre la ted , fo ld -dependen t p a rt, com ing  fro m  tra n s it io n s  in  coincidence 
w ith  the  cascade (C o m p to n  c o n tr ib u tio n s , s ta tis tic a l 7 -rays, feeding tra n s itio n s ). 
T a k in g  coincidences between F  <  M 7  detectors, the  peak-to -background  ra t io  
considering o n ly  the  unco rre la te d  background can be ca lcu la ted  as [Gerl92]:
where R q is a background re d u c tio n  fa c to r com ing  fro m  the  use o f ex te rna l selec­
t io n  devices and R  is a pa ram e te r ca lled the  resolving power o f the spectrometer:
d E '
lA E L I f t i  2 A #— + l =  2A9E~p\sm9\  
o9
(2 .2 )
(2.3)
(2.4)
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where P / T  is the peak-to-total ratio and AF7 can be taken as the resolution of 
the detectors. The factor 0.76, which is valid for gaussian peaks, originates from 
the fact that gates are normally put at the half-height of the peaks. It is clear 
that, in order to maximize the peak-to-background ratio, one has to maximize 
P / T  and to minimize AF7, including the Doppler broadening of the peaks.
As mentioned earlier, to identify a peak properly it must stand above the 
background and it must have a minimum area. The probability of detecting an 
F-fold event is strongly dependent on the detection efficiency:
W { F )  =  ^ ( l  -  e r f f -* - *  «  + 4  (2.5)
where the last approximation is valid for F  <C M7. It is clear that, for a fixed 
measurement time, since the probability of detecting F-fold events rapidly de­
creases with F, the area of F-dimensional peaks will decrease with F.
The minimum intensity of a 7 -ray transition that can be detected or, in other 
words, the o b s e rv a tio n a l l im i t  I 0, depends on a balance between the resolving 
power and the efficiency of the multi-detector system. Working at higher folds 
the peak-to-background ratio improves, but the area of peaks decreases. The 
intersection of the two curves I 0(R , F )  and I 0(£Ph? F) defines the operating point 
of the spectrometer, that is it fixes the optimal fold at which the spectrometer 
should operate and the observational limit that can be reached (figure 2.3).
We can have a look at some numbers to get an idea of what has been reached. 
The GASP spectrometer [Bazz92], operating at Legnaro (Italy), is composed of 
40 HPGe detectors with anti-Compton shields and an inner 80-elements BGO 
calorimeter. Its photopeak efficiency for a single 1.332 MeV photon is evh =  3%, 
its resolving power R  fh 6.5; its observational limit is about 8 -10~4, at an optimal 
fold F = 3. The EUROBALL spectrometer [Gerl92] will be described briefly in 
section 3.4. It is composed of 239 germanium crystals, obtaining eP}h = 9% for a 
single 1.332 MeV photon and R  fa 9. It can reach an observational limit almost 
one order of magnitude better than GASP, coming close to 1  • 10 -4, at an optimal
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Figure 2.3: The observational limit of an array as a function of the resolving 
power and of the photopeak efficiency. The values for some existing arrays are 
also presented.
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fold F  =  4.
2 .2  A n c i l l a r y  D e t e c t o r s  f o r  l i g h t  c h a r g e d  p a r t i ­
c l e s
The sensitivity of a 7 -ray spectrometer to extremely weak reaction channels may 
be enhanced by detecting some very characteristic signal in coincidence with 
7 -rays, that is, the residual nucleus itself or the evaporated light particles.
The cleanest channel selection is probably achieved by identifying the residual 
nucleus directly (see for instance some examples in [Jame88, Enni91, Sign94, 
Spol85, Spol91]). However, the direct detection of the recoiling nuclei requires 
normally large and expensive instruments (Fragment Mass Analyzers or Recoil 
Mass Spectrometers) which have generally low transmission efficiencies of the 
order of 5-10% in the most favourable cases, since normally the residual nuclei 
will be found in a distribution of charge states, and not all of them will be 
detectable. Thus, it is often convenient to infer indirectly the charge and mass 
of the residual nucleus, by detecting the evaporated light particles.
Light charged particle detectors can be much cheaper than a recoil mass 
spectrometer, are compact, can be inserted inside an array of 7 -ray detectors 
without degrading their performance. They also offer the very important benefit 
of allowing a partial reconstruction of the momentum of the recoiling nucleus, as 
will be discussed in section 2.6, thus correcting more efficiently for the Doppler 
broadening of lines in the spectra and improving the resolution (and the resolving 
power) of the array. On the other hand, light charged particle detectors must 
satisfy very restrictive requirements to provide an efficient channel selection, as 
we will discuss later.
At this point, it is instructive to give a brief review of the various techniques 
implemented in the past to build arra}7s of light charged particles detectors.
C H A P T E R  2. T H E  IS IS  S I -B A L L 33
2 .2 .1  P u l s e  s h a p e  d i s c r i m i n a t i o n  w i t h  s c in t i l l a t i o n  d e t e c ­
t o r s
Some scintillators, for instance CsI(Tl), present a light output with two com­
ponents, a fast, radiation-dependent one (r ^  0.4 ps) and a slow, radiation- 
independent one (t =  7 p s ) . The anode signal from the phototube can be inte­
grated in two time regions, one short and in prompt coincidence with the 7 -rays 
(AE ) ,  the other long and slightly delayed (E ). The two-dimensional plot of E  
versus AE  allows particle discrimination (pu lse  shape d is c r im in a t io n ) . Arrays 
of CsI(Tl) scintillators presently in operation are the MICROBALL [Sara96] and 
DIAMANT [Sche97].
A similar technique can be applied to the p h o sw ich  d e te c to rs , created by 
placing in optical contact a very thin scintillator (with fast, particle-dependent 
light output) with a thicker one (with slow, particle-independent light output) 
[Lide87]. Examples of phoswich arrays are the ANU detector ball [Rega95] and 
the ERICIUS array [Lide88].
The major disadvantage of this technique is that, due to the large decay time 
of the light pulse, the detectors can withstand only a limited counting rate.
2 .2.2  P a r t i c l e  D i s c r i m i n a t i o n  w i t h  S i l ic o n  d e t e c t o r s
Considering the typical energy distributions for evaporated protons and a  parti­
cles, their energy loss distributions are quite different. Using a thin silicon detec­
tor to detect the particles, it will measure the energy loss, therefore allowing for 
particle discrimination. Examples of application of this “differential energj7 loss” 
technique can be found in [Mita89, Kuro92],
The major drawback of this technique is that, due to the kinematical fo­
cusing in the laboratory reference frame, they do not allow an efficient particle 
discrimination at the backward angles, where the proton and a  particle energy 
loss distributions are strongly overlapping.
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Single monolithic silicon detectors can also be used to discriminate particles 
on the basis of the detailed shape of the signals, as shown by Pausch and co­
workers [Paus92, Paus94, Paus95]; we will discuss this technique in section 2.7, 
dealing with the development of the EUCLIDES Si-ball.
The technique which has been used in this work to discriminate between 
particles employs E  — AE  telescopes, that is, pairs of silicon detectors: a thin 
one to measure the energy loss AE  and a thick one to measure the residual energy 
E . Since the product of energy and energy loss is characteristic of the particle 
species, two-dimensional plots of E  versus AE  allow clean particle discrimination.
2 . 3  C h a r a c t e r i s t i c s  o f  t h e  i d e a l  a n c i l l a r y  d e t e c ­
t o r  f o r  l i g h t  c h a r g e d  p a r t i c l e s
When developing an ancillary light charged particle device for a 7 -ray spectrom­
eter, many things have to be carefully considered. The ideal detector would 
identify a ll of the particles emitted in a reaction, and allow the user to measure 
both their energies and momenta. This is not feasible in practice, since it is 
necessary to leave an opening to let the beam reach the target. It is also very 
important to keep in mind that the main interest resides in 7  spectroscopy, so the 
light charged particle detector should affect as little as possible the performance 
of the 7 -ray detectors. Therefore, we. can summarize the above prescriptions in 
the following way:
1 . C a p a b ility  to  d is c r im in a te  between p a r tic le s . This is fundamental to achieve 
reaction channel selection. The minimum requirement is to distinguish 
between protons and a  particles. If possible, the capability of identifying 
heavier ions may be useful. This causes problems with the limited dynamics 
range of the associated electronics.
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M u lt ip le  h i t  p r o b a b i l i ty
Efficiency
Figure 2.4: The probability of multiple hit for a single segment covering a solid 
angle H =  47re as a function of the efficiency e of the segment, for various values 
of the emitted particle multiplicity. See text for details.
2. H ig h  d e te c tio n  e ffic ie n cy . This is important for two reasons. Firstly, it is 
only with a detection efficiency as close as possible to 100% that a proper 
discrimination between the various reaction channels can be achieved. A 
more detailed analysis of this effect will be provided in section 2.5.
Secondly, working in coincidence with an ancillary device of efficiency e a , 
only the fraction e a  of what is detected in coincidence with events in the 
7 -ray detectors is accepted.
3. H ig h  g ra n u la r ity . A good detector for light charged particles should have 
high granularity in order to minimize the multiple hit probability (i.e., 
two or more particles hitting the same segment simultaneously). If there
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is no way to correctly identify the multiple hit events, the capability of 
performing optimal channel discrimination is obviously reduced.
We can try to get an estimate of the number of segments that are needed in 
an ideal charged particle inner ball. Assuming a single segment, covering a solid 
angle Q, corresponding to a geometrical efficiency e = Q/47T, and M  particles 
emitted in coincidence with an isotropic distribution, the probability that one or 
zero particles hit the segment is [Werf78]:
P  =  P(Af, 0) + P(M, 1) =  (1 -  e )M + M e {  1  -  e )M ~ l  (2 .6)
Assuming a typical multiplicity M  — 4, we obtain P  > 98% (that is, P(m. hit) < 
2%) for e < 0.055, requiring N  — 1 /e  «  18 identical segments to cover the 47r 
solid angle (see figure 2.4). This does not take into consideration the kinematical 
enlargement of the detectors positioned at forward angles due to the in-flight 
emission from a recoiling nucleus. In order to estimate this effect, let us consider 
7 MeV protons and 15 MeV a  particles (in the centre of mass) emitted from 
nuclei recoiling with a velocity of (3 — 4%, which are typical values in fusion- 
evaporation reactions. A detector positioned at 6  = 35° with an opening angle 
A$ =  20° would have an effective opening angle of At? = 30° for the protons and 
At? =  37° for the a  particles. The same detector positioned at t? = 145° would 
have effective opening angles At? = 10 °, A$ =  8° for protons and a  particles 
respectively. In conclusion, including the effects of the kinematics the number of 
equally sized segments should be about twice as large than our former estimate, 
requiring IV «  40 identical segments to keep P(m. hit) < 2%.
4. T ra n spa re ncy  f o r  j - r a y s .  From the point of view of 7 -ray detectors, light 
charged particle detectors add undesired material causing unwanted absorp­
tion and scattering of photons. There is thus a premium 011 keeping these 
phenomena to a minimum. Therefore, light charged particle detectors with 
high transparency for 7 -rays are usually preferable.
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Other non-physical considerations are very important when designing an an- 
cillary device. For instance, the segments which compose the device should have 
only a few shapes. This reduces the costs for design and production of custom 
made detectors. Furthermore, fewer spare detectors are needed.
2 . 4  D e s i g n  a n d  c o n s t r u c t i o n  o f  t h e  I S I S  S i - b a l l
2 .4 .1  C h o ic e  o f  t h e  d e t e c t o r s
In the case of ISIS, the main goal was to construct a device with the capability 
of identifying the kind of incoming particles and at the same time to make a rea­
sonable energy measurement. The various techniques for particle discrimination 
shortly reviewed in section 2.2 were taken into consideration.
An array of thin silicon detectors clearly was not suitable for these purposes. 
In fact, the energy loss distributions for proton and a  particles evaporated from a 
recoiling nucleus overlap at backward angles with respect to the beam direction, 
making it impossible to achieve particle discrimination at those angles with this 
method.
Other kinds of detectors, for instance CsI(Tl) scintillators coupled to a pho­
tomultiplier or a photodiode, would allow both the identification of the kind of 
incoming particle and a measurement of its total energy, at the price of a rela­
tively high absorption and scattering of 7 -rays. Another problem is that the light 
pulse in a CsI(Tl) scintillator has a quite long decay time (about 7f js ) [Knol89] 
and the counting rate has to be kept relatively low to avoid pile-up problems.
For these reasons, the only technique that appeared feasible at the time the 
design of ISIS was started was the use of AE-E telescopes. Each telescope is 
composed of two detectors, a “thin” one facing the target and a “thick” one 
placed behind it (see figure 2.5). The energy loss of charged ions in matter can
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particles
A E  E
Figure 2.5: Scheme of a AE-E telescope.
be described using the simplified Bethe-Bloch equation [I<nol89]:
d E  m Z 2 .
where m  and Z  refer to the incoming ion. Using two detectors in a telescope con­
figuration, if the energy released in the first one is not very high, it will be roughly 
proportional to its energy loss. Plotting the energy signal of the first detector 
versus the signal of the second one, the events will be distributed among different 
loci, each one corresponding to different values of m Z 2 (see figure 2.6). Using 
telescopes, it is possible both to discriminate between the incoming particles and 
to measure its total energy.
In the case of ISIS, Si-detectors were used for both the thin (AE) and the 
thick (E) detectors. Silicon detectors offered the advantages of good transparency 
for 7 -rays, combined with ease of use.
2 .4 .2  C h o ic e  o f  t h e  g e o m e t r y
The ISIS Si-ball was developed to serve as an ancillary device for the GASP 7 - 
ray spectrometer [Bazz92]. Therefore, it has been developed keeping in mind the 
constraints imposed by the existing structure, which consists of 40 high-purity 
germanium (HPGe) detectors with anti-Compton shields, with an 80-element 
BGO multiplicity filter (figure 2.7).
In order to minimize the amount of passive material between the target and
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Figure 2.6: Sample AE-E matrix obtained with one telescope of ISIS. The 
reaction is 37CI (187 MeV) -F 120Sn. The loci corresponding to protons, deuterons 
and tritons are clearly distinguishable.
the HPGe detectors of GASP, each silicon telescope directly faces a HPGe detec­
tor. This particular geometry derives from the decomposition of the faces of a 
regular dodecahedron or, equivalently, of a regular icosahedron. These decompo­
sitions always produce 12  pentagonal faces and a varying number of hexagonal 
faces [Cave91]. In the case of ISIS, there are 30 hexagonal faces, two of which 
provide incoming and outgoing beam ports; ISIS is thus composed of 40 detector 
telescopes (figure 2.8). The hexagons are irregular; in this way, not considering 
the dead areas, all of the detectors cover the same solid angle in the laboratory 
reference frame. Following the discussion in section 2.3, we expect a multiple hit 
probability of the order of 2%. Thus, the forward detectors should be further
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Figure 2.7: Picture of the GASP spectrometer in its standard configuration 
with the BGO multiplicity filter.
segmented to reduce these phenomena.
2 .4 .3  T h e  d e t e c t o r s
The hexagonal and pentagonal shaped detectors have an equal active area of 
about 10.2 cm2. Each AE detector covers a solid angle of about 0.23 sr, at a 
mean distance of 6.7 cm from the target position. The AE detectors cover a total 
solid angle of about 72% of 47r. The E detectors have the same area as the AE 
detectors and are placed 4 mm farther from the target position. Each of them 
covers a solid angle of about 0.20 sr, and the total solid angle covered by the E 
detectors, and therefore by the telescopes, is about 65% of 47t.
The silicon ion-implanted detectors, or Si(IP) detectors, (figure 2.9) are cus­
tom made by Micron Semiconductors (UK), from n-type silicon, single crystal 
wafers having a resistivity of 8-15 kfhn. Both faces are covered with an evapo-
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Figure 2.8: Picture of the polyhedron which makes up the ISIS Si-ball. The 
detector frames are not sketched.
rated layer of aluminium of 0.15/xm thickness. The detectors are fully depleted. 
Depletion depths of 130/xm and 1000 /xm have been chosen for the AE and E 
detectors respectively. Each detector is provided with a guard ring to reduce 
the leakage current on the active area (figure2.10). On the outside edge of each 
detector there is a 1000/xm wide passivated silicon dioxide (Si02) layer, inside 
which are the guard ring and another S i02 insulating gap (both of them 50 /xm 
wide). Signal readout is achieved through Kapton strips, fixed to the inner part 
of the frame with adhesive epoxy resin. Each strip carries 3 wires, connected 
respectively to the rear detector side, to the front detector side and to the guard 
ring. The three wires are shielded from both sides through a conductive grid. The 
front detector side and the guard ring are short circuited and grounded together 
with the shielding grid through an “offset” 125 Q resistor in series. Individual 
positive voltage supplies are provided to the rear detector faces via a decoupling
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F igure 2.9: Picture of the Si detectors in ISIS.
filter with a 10 nF capacitor and a 100 kQ resistor. The effective voltage applied 
to the detector is then a linear function of the leakage current. The Si-detectors of 
ISIS are operated with the surface facing the target position at ground potential.
The typical energy resolution, using the 5.485 MeV line of the 241 Am a source, 
is 75keV for the AE detectors, with full depletion biases ranging from 20 V to 
40 V. For the E detectors, due to their smaller capacitance, the typical energy 
resolution is about 40keV, with full depletion biases ranging from 80 V to 150 V. 
Leakage currents vary greatly, depending both on the Si wafer purity and on the 
operating conditions, ranging from 10 nA to 500 nA. Larger values were observed
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F igure 2.10: Diagram of the guard ring of the Si detectors in ISIS.
during in-beam tests, due to the high counting rate and to the increase of the 
detector temperatures.
2 .4 .4  T h e  m e c h a n ic a l  s t r u c t u r e
Each Si detector is fixed to a frame, built of standard printed circuit board (PCB) 
material (figure2.9). The AE detector frames have a thickness of 15 mm and are 
slightly tapered, in order to get a close arrangement of the detectors. The E 
detector frames are smaller and can be inserted into the AE detector frames. 
Small bridges, also made of PCB, allow one to lock the AE detectors together 
and to hold the E detectors in their place, obtaining a self-supporting structure. 
Two ring-shaped printed circuit boards, collecting signals from the 80 individual 
detectors, provide a holding structure for the Si-ball in the vacuum chamber.
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Figure 2 .1 1 : Sample spectra obtained with a triple-a Pu-Am-Cm source and 
two detectors of ISIS.
This chamber is made of a central aluminium ring and two stainless steel side 
halves and fits inside the BGO multiplicity filter of GASP without removing any 
of the detectors of the 7 -ray spectrometer (figure 2.12). Signal collection from 
the printed circuits is achieved through coaxial cables running inside the outgoing 
beam line, and passing through glued flanges. The mechanical arrangement to 
couple ISIS to EUROBALL is basically the same, but with a different chamber 
to cope with the different spacing of the detectors inside the two arrays. This 
second chamber is made entirely of aluminium and as with the GASP set-up, no 
germanium detector needs to be removed to host the chamber.
2 .4 .5  A b s o r b e r s
Since Si detectors are rather sensitive to radiation damage, they are shielded 
from elastically scattered beam ions by means of absorber foils. A 12  /xm thick 
aluminium foil is placed in front of each detector to prevent the 5 electrons, 
produced by the heavy ion beam hitting the target, from hitting the passivated 
layer, thus avoiding the development of current paths from the active silicon to 
the conducting edge of the silicon wafer. Since such absorbers are too thin to 
fully stop the elastically scattered beam ions, additional absorbers are needed for 
typical beams and energies used in GASP and EUROBALL measurements. In
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Figure 2.12: Picture of ISIS and its chamber, positioned inside GASP.
order to easily match their thickness to the different nuclear reactions without 
dismounting the Si detectors, a cylindrical foil is used, which is inserted into 
the Si-ball through the beam outgoing hole. The optimum thickness of this 
foil is determined by a computer program, which determines the energies of the 
particles involved using the evaporation code CASCADE [Puhl77] and uses the 
stopping power given by Ziegler’s expressions [Zieg77]. In order to reduce the 
energy loss of light charged particles, it is convenient to vary the foil thickness
i
along the cylinder length, for instance making the backward half of the cylindrical 
foil thinner than the forward half. Due to the large solid angle covered by the 
detectors, the cylindrical geometry behaves on average as well as single absorber 
foils in front of each detector (with the thickness depending on the angle), even 
if at very forward and at very backward angles the cylindrical geometry typically 
overestimates the thickness of material needed. For instance, figure 2.13 shows 
the comparison of the effective thicknesses of a two-layer Aluminium cylinder 
(12.6 /im forward, 5.2 pm  backward) and of the “optimal” absorber foils with
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F igure 2.13: Comparison between the minimum thickness of Aluminium re­
quired to stop the scattered beam in the reaction 32S(125MeV) on 40Ca with 
the effective thickness of a two-layer Aluminium cylinder (forward half 12.6 pm  
thick, backward half 5.2 pm  thick) and of the optimal foils placed in front of the 
detectors for the ISIS geometry.
the minimum thickness required to stop the scattered beam for the reaction 
32S(125 MeV) on 40Ca.
T he Isis_Absorbers p rogram
As mentioned before, the thickness of the absorber foils should be chosen with 
great care, since, once the geometry of the detectors is fixed, it is this factor that 
ultimately determines the detection efficiency. Isis_Absorbers is a program 
that calculates the stopping of beam and of light charged particles inside ISIS
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Figure 2.14: Opening window of the Isis_Absorbers program.
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(figure 2.14). Its main features are:
• B eam  c a lc u la tio n s : the elastic scattering of the beam on the target and 
backing is calculated with classical expressions. The energy loss inside 
the target and the backing is calculated using the expressions by Ziegler 
[Zieg77]. Subsequently, the energy loss inside the absorbers is calculated. 
Three geometries are available: a cylinder along the beam axis, a cone along 
the beam axis and a “mixed” geometry (half cone and half cylinder). It is 
possible to choose different thicknesses for the backward and for the forward 
portions.
• O p tim iz a t io n : the minimum thickness of absorber to stop the beam is cal­
culated. For each angle, an opening angle for the conical geometry is cal­
culated, taking into consideration the thickness required to stop the beam 
at that angle and the thickness of absorber used in the calculation.
• P a r t ic le  c a lc u la tio n s : taking centre of mass spectra produced by the CAS­
CADE [Puhl77] evaporation code, laboratory spectra are calculated. The 
fraction of particles stopped in the absorbers is then calculated. It is possi­
ble to write the spectra of the particles after the absorbers and the spectra 
seen by the detectors, however this last feature is still not very precise and 
is not maintained since the development of a real Monte Carlo simulation 
of ISIS using the GEANT code [gean93].
2 .4 .6  E l e c t r o n i c s  a n d  b ia s  c o n t r o l
The electronics of the ISIS Si-ball and the bias voltage control system have been 
developed following the same principles as in the case of GASP [Bazz90] (fig­
ure 2.15). Each energy channel requires a charge-sensitive preamplifier, a gated 
shaping amplifier and an analog-to-digital converter (ADC). Moreover, the trigger 
requires a fast amplifier, a constant fraction discriminator (CFD) and a time-to- 
digital converter (TDC).
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Figure 2.15: Block scheme of the ISIS electronics. Only the part of the E 
detectors is shown.
The preamplifiers (figure 2.16) have been specially designed for the high ca­
pacitance of the Si detectors, which is about 130 pF for the E detectors and 
850 pF for the AE detectors [Busc95]. They have a compact design, with two 
channels on a 65 x 88 mm2 card. The rise time of the preamplifiers, when used 
with low capacitance detectors, is about 50 ns. The decay time constant is about 
50 ps. The sensitivity is 15mV/MeV, in order to have good linearity up to the 
maximum energy released by an a  particle in the E detectors, which is about 
60 MeV. A test pulse can be fed into the preamplifier.
The gated shaping amplifiers have been developed, following the same design 
as those of the GASP inner ball, to accommodate 8 input lines in a single width 
NIM module [Busc92], Each line has a variable gain and fixed 1 ps  shaping time. 
An external gate signal, generated by the trigger logic, enables the linear output 
to avoid spurious signals.
Amplified output pulses are sent to an eight-channel CAMAC-FERA Silena
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Figure 2.16: Diagram of the ISIS preamplifier.
4418/A ADC, with a common gate generated by the master trigger of the 7  
spectrometer.
Timing signals are provided by a custom single width CAM AC module with 
4 input lines [Busc91]. Each channel incorporates a fast amplifier, a constant 
fraction discriminator and a gate-and-delay generator. The output signals are 
used for the event trigger and to produce the individual gates for the shaping 
amplifiers and as stop signals to an 8-channel CAMAC-FERA Silena 4418/T 
TDC with a fixed time range of 1  /as and a common start which is, as before, the 
event master trigger.
In EUROBALL (see section 3.4 for a brief description of the array and of 
its acquisition system), the readout of the FERA ADCs and TDCs is performed 
through a specially designed CAMAC module, called FERAROCO (FERA Read- 
Out Controller) [Isoc97]. The FERA data are collected by this module and 
passed to a devoted Event Collector. Subsequently they are merged with data 
coming from the other event collectors and finally sent to the farm and spy pro­
cessors (figure 2.17).
When coupling ISIS to GASP, the bias of the 80 Si detectors is provided by
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Figure 2.17: Block scheme of the ISIS data readout on EUROBALL.
two CAEN SY127 power supply main frames. Working with EUROBALL, the 
bias is provided by a CAEN SY527 main frame. In both cases, the applied volt­
age and the reverse current of all individual detectors are controlled by dedicated 
software running on a Macintosh computer. The voltage and the leakage current 
are monitored continuously and presented graphically to the user. Another es­
sential feature of the control program is the automated adjustment of the applied 
voltages, following the drifts of the leakage current, in order to keep the effective 
voltage seen by each detector constant.
2 . 5  T h e  p e r f o r m a n c e  o f  I S I S
The ISIS Si-ball has been employed in many different experiments with GASP 
and EUROBALL at the Laboratori Nazionali di Legnaro. Here we present results 
from three experiments designed to obtain spectroscopic information about the 
N  = Z  nucleus ^Ge. The first experiment used the reaction 32S+40Ca at 125 MeV 
beam energy with the GASP spectrometer together with ISIS. A stack of two 
500yLig/cm2 targets was employed. In the second experiment, ISIS was coupled
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Figure 2.18: E-AE matrix from ISIS for the reaction 32S (155 MeV) + 40Ca, 
obtained summing the signals of the 40 telescopes after a gain matching with the 
technique described in section 3.5.3.
to the EUROBALL spectrometer. The reaction was 32S+40Ca at 155 MeV beam 
energy. Again, two stacked 500/xg/cm2 targets were used. In the final experi­
ment, EUROBALL was coupled to ISIS and to a 20%-efficient array of neutron 
detectors [Skep99] and the reaction was 32S+40Ca at 125 MeV. For this latter 
experiment a thick target was used, composed of 1 mg/cm2 of 40Ca evaporated 
onto a 12  mg/cm2 gold backing. In the first and in the last measurements, 64Ge 
was populated via the evaporation of two a particles, with an estimated cross 
section of about 500//b. In the second measurement, due to the higher com­
pound nucleus excitation energy, 64 Ge was populated via the evaporation of two 
neutrons, one a  particle and two protons, leading to a slightly higher estimated
C H A P T E R  2. T H E  IS IS  S I -B A L L 53
cross section of about 700 p b .
Besides the individual absorbers, an additional cylindrical Al foil of 24 p m  
thickness in the forward direction and 12  p m  thickness at the backward angles 
was positioned along the beam axis to stop the scattered beam particles.
The data from the Si-ball telescopes, if present, were acquired together with 
the 7  coincidence parameters. Events were stored in list mode on magnetic tape. 
In the off-line analysis gain matching was performed for AE and E detectors, 
with the technique which will be described in section 3.5.3.
Two-dimensional gates were applied in order to select events corresponding to 
the detection of protons or a  particles in each Si telescope. For each evaporated 
light charged particle configuration, multiple 7  coincidence events were sorted 
into two- and three-dimensional arrays for further analysis. In order to reduce the 
Doppler broadening of the lines in the 7  spectra, an event-b}7-event kinematical 
reconstruction of the trajectory of the recoiling nucleus was performed in the first 
and second experiments, using the measured light charged particle momenta, as 
will be discussed in greater detail later.
The effectiveness of ISIS to discriminate between light charged particles is 
clearly demonstrated by the E-AE matrix presented in figure 2.18. This matrix 
is obtained by summing off-line the matrices of the single telescopes after gain 
matching. The different loci corresponding to protons and a  particles are clearly 
visible. It is also possible to identify loci corresponding to multiple hits into the 
same detector, for instance 2p or la lp . Examining the matrices of the single 
telescopes, it appears evident that most of these multiple hit phenomena are 
generated within telescopes positioned at forward angles (figure 2.19), for which 
the kinematical enlargement is maximized (as discussed in section 2.3). In this 
reaction, the recoil velocity was (3 ^  4%, thus the solid angle covered in the 
centre of mass is about 1.5 times and 1.7 times respectively that covered in the 
laboratory for evaporated protons and a  particles. The experimental intensity 
ratio N 2p/ N i p for the first matrix of figure 2.19 is of the order of 2%, which is
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Figure 2.19: E-AE matrices from ISIS for the reaction 32S (155 MeV) + 40Ca. 
Top: telescope positioned at forward angle (36°). Bottom: telescope positioned 
at backward angle (90°).
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consistent with our simple expectations, given the size of the detectors.
The effectiveness of ISIS in the selection of the reaction channel is illustrated 
in figure 2 .20, which shows examples of 7  spectra where we require coincidences 
with various combinations of light charged particles as detected in the Si-ball. 
The first spectrum is the projection of a 7 7  matrix in coincidence with 1 proton. 
Here, one can clearly see the transitions of 68Ge, which is populated in the 4p 
reaction channel; also other transitions, belonging to intense reaction channels, 
such as 65Ga (a3p) and 66Ge (a2p) are quite evident. Requiring the further coin­
cidence with la , the transitions of 68Ge disappear, and the transitions belonging 
to reaction channels populated through the evaporation of one or more a particles 
are enhanced, e.g., 63Ga (2ap), 65Ga, 66Ge. This is clear looking at the second 
spectrum, which is the projection of a 7 7  matrix in coincidence with la. The 
coincidence with an additional a particle removes all the transitions belonging to 
larcp channels, enhancing all the transitions belonging to channels populated by 
the evaporation of 2a, such as 62Zn (2a2p), 63Ga (2ap) and 64Ge (2a). This is 
shown in the third spectrum, which is the projection of a 7 7  matrix in coincidence 
with 2a. Putting gates on this matrix, corresponding to 64Ge known transitions, 
and summing all the spectra after background subtraction, one gets the fourth 
spectrum, which shows 64Ge transitions only.
The detection efficiency of ISIS is, of course, intrinsically less than 100%. 
If the probability of multiple hits in each detector is negligible and particles 
are emitted with an isotropic distribution, the probability P ( F yM )  to detect F  
identical particles out of M  emitted is [Werf78]:
(2.8)
where e can be £p or eQ, for proton or a detection respectively. 
This leads to:
P ( F t M )  _  I l tF  _  M  — F  + 1  e (2.9)
P ( F    1, M )  I r y ^ p _ l  F  1   E
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Figure 2.20: Sample spectra for the reaction 32S (125 MeV) + 40Ca, requiring 
the coincidence with various numbers of light charged particles as detected in the 
Si-ball. See text for details.
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where /7)f  is the intensity of a transition, characteristic of a nucleus populated 
via the emission of M  particles, as measured in a spectrum in coincidence with 
F  particles.
It is clear that, for low values of the efficienc}7, most of the intensity associated 
with high values M  of particle multiplicity will appear in coincidence with F  <  M  
particles. For instance, assuming ep =  30% and M  = 2 , only 9% of the events 
will appear in coincidence with 2p, while 49% and 42% of the events will appear 
respectively in coincidence with Op and lp. If ep =  50%, the fractions of events in 
coincidence respectively with Op, lp, 2p will be 25%, 50% and 25%. Therefore, to 
get clean spectra it is extremely important to maximize the detection efficiency 
for particles.
The average total efficiency value of the ISIS Si-ball extracted from experi­
mental data is about 50% for protons and 40% for a  particles, in good agreement 
with the expected values of 50% and 45% calculated with a Monte Carlo simula­
tion of the whole Si-ball using the GEANT code [Gade97]. The same simulation 
program has been used to optimize the design of the detectors for the EUCLIDES 
Si-ball, as described in section 2.7.
The impact of ISIS on the performance of GASP was obtained using 60Co, 
152Eu and 133Ba radioactive sources. The absorption of 7 -rays, mainly caused by 
the chamber, is relevant only at very low energy, being 50% at 50keV for the 
GASP stainless steel chamber. The absorption of 7 -rays is negligible using the 
EUROBALL chamber. The peak/total ratio is affected very little, going from 
59% (GASP alone) to 53% in the configuration with the GASP spectrometer 
with the ISIS Si-ball.
2 . 6  K i n e m a t i c a l  c o r r e c t i o n s
Despite the excellent intrinsic resolution of a HPGe crystal, which is approxi­
mately 2 keV for 1332 keV 7 -rays, the performance of 7 -ray spectrometers is often
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limited by the Doppler broadening of lines, due to the fact that photons are emit­
ted in-flight by recoiling nuclei. Starting again from the well-known expression 
for the Doppler effect:
differentiating, a first order estimate of the broadening of lines induced by the 
recoil of the residual nuclei is:
Thus, it can be seen that the loss of resolution comes from two components, 
originating from the dispersion in the recoil velocity (3 and in the angle $ between 
the direction of the 7 -ray and the direction of the recoiling nucleus. The final 
effect for typical recoil velocities in fusion-evaporation reactions (/3 1-4%) can
easily be of the order of magnitude of the intrinsic resolution of the germanium 
crystal, or even larger.
One source of uncertainty for the angle $ is certainly the finite, non-negligible 
opening angle of the 7 -ray detector. The interactions of the recoils with the atoms 
of the target foil induce a spread both in the recoil velocity and in its direction 
(within the so-called re co il cone ), influencing the final resolution.
A significant cause of loss of resolution in fusion-evaporation reactions comes 
from the way the residual nuclei themselves are produced, that is, via evaporation 
of light particles from the compound nucleus. Since momentum is conserved, the 
evaporation of particles induces a further spread in the velocity of the residual 
nuclei and in their direction. The effect can be significant, especially for relatively 
light nuclei with A  < 80 populated via evaporation of more than one a  particle.
The conservation of momentum says that:
n
P r  =  P c n  ~  Y &  ( 2 - 1 2 )
2=1
where n  particles are evaporated from the compound nucleus. Being:
(2.10)
a j?
= T  =  cos2 6  • (A /3 )2 + (P  sinP )2 • ( A l l ) 2 (2.11)
(2.13)
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Figure 2.21: Sample spectra for the reaction 32S (155 MeV) + 40Ca, without and 
with kinematical correction. See text for details.
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where d7 is the unity vector in the direction of the emitted 7 -ray, the expression 
of the observed energy E taking into account the emission of light particles is:
e l  =  E l  ( 1  +  : A  _  ±  { z u )
7 \  m R c m R c J
Detecting the evaporated light charged particles it is possible to perform an 
event-by-event reconstruction of the velocity of the recoiling nucleus, thus allow­
ing a more precise correction of the Doppler effect [Sewe94], The effect of this 
reconstruction is twofold, improving both the effective resolution of the detectors 
and the peak-to-total ratio. This is equivalent to an increase in the resolving 
power of the 7 -ray spectrometer, which, combined with the selectivity offered 
by the coincidence with charged particles, allows to study nuclei populated with 
smaller and smaller cross sections.
In practice, with ISIS it is not possible to get a precise energy measurement 
for the light charged particles. This is for two reasons, namely:
1. The fraction of energy lost by the particles in the absorbers is not known a 
priori; it can be estimated through detailed Monte Carlo calculations.
2. The E detectors are too thin to stop high-energy protons fully at the forward 
angles.
For these reasons, using ISIS it is not possible to use directly the measured 
particle energy, a mean value depending on the angle is used instead, optimizing 
this mean value with successive approximations. Despite its empirical nature, the 
method produces good results. Compare for instance the spectra in figure 2 .2 1 , 
obtained with the reaction 32S + 40Ca at 155 MeV of beam energy requiring the 
coincidence with 2 a  particles and two protons in order to enhance the transitions 
of 62Zn. For all of the spectra the additional coincidence with the 557 keV and 
the 954 keV 62Zn transitions is required. The resolution for the 1232 keV line is 
20keV without correction and 13keV with correction. The corresponding values 
for the 1341 keV line are 24keV and 13 keV. Notice how only with the kinematical
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reconstruction the triple peak at 1160, 1177 and 1197keV is properly identified 
as a triplet.
2 . 7  F u t u r e  d e v e l o p m e n t s :  t h e  E U C L I D E S  S i -  
b a l l
2 .7 .1  L i m i t a t i o n s  o f  t h e  d e s ig n  o f  IS IS
The performance obtained with ISIS is at the limit of what can be obtained using 
telescopes with individual frames for each crystal. This solution is interesting 
from the economic point of view, because, in case of damage, it is possible to 
replace a single crystal and there is no need to replace the telescope as a whole, 
but it leads to large spaces between nearby detectors and, most important of all, 
to large spaces between the two crystals composing a telescope.
Consider the spectra obtained with AE detectors and displayed in figure 2 .22 . 
In each part of the figure, two spectra are drawn, requiring respectively a co­
incidence and an anticoincidence with the corresponding E detector. When the 
telescope is positioned at backward angles, the shape of the anticoincidence spec­
trum is characteristic. In this case, due to the forward kinematical focusing of 
the evaporated particles, the particles do not arrive at the E detector, because 
their energy is too low and they can not pass the AE.
The shape of the anticoincidence spectrum when the telescope is positioned at 
forward angles is clearly different: superimposed over the “stopped” component, 
there is a component that closely resembles the shape of the corresponding co­
incidence spectrum. This component corresponds to particles that pass through 
the AE detector, but escape the E detector. The crystals of the AE and of the E 
have the same size, but the E crystal is positioned farther from the target posi­
tion, therefore it covers a smaller solid angle and particles can enter the AE solid 
angle without entering the E solid angle. This effect is more evident at forward
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Figure 2.22: Spectra for AE detectors positioned at various angles, requiring 
the coincidence or the anticoincidence with the corresponding E detector. See 
text for details.
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angles because the energies of the particles are higher and because the “escape 
solid angle” is larger in the centre of mass due to the kinematical enlargement 
(the centre of mass is moving in the forward direction).
The kinematical enlargement of solid angles is a source of further problems. 
Since the centre of mass solid angle of forward detectors is too large, there are 
too many multiple hit events. Furthermore, with large solid angle detectors the 
beam current should normally be limited, because otherwise there will be too 
many events affected by pile-up. This limitation is often unnecessary from the 
point of view of the 7 -ray spectrometer.
2 .7 .2  T h e  d e s ig n  o f  E U C L I D E S
Extensive Monte Carlo simulations of ISIS were performed [Gade97] in order 
to design an improved version of the Si-ball. The simulations were performed 
with the GEANT code [gean93], defining the whole ball. The particle spectra in 
the centre of mass are produced with the CASCADE code, and event-by-event 
transformation to the laboratory frame is produced with simple kinematics.
The new Si-ball that was designed and that is entering operation is the EU­
CLIDES Si-ball, a European project aimed at building a high-performance Si-ball 
for the EUROBALL spectrometer.
The simulations helped to confirm what was already evident from what we 
mentioned previously, that is, the mechanical arrangement should be changed in 
order to put closer both the detectors composing a telescope and the telescopes 
themselves. Furthermore, the forward positioned detectors should cover smaller 
laboratory solid angles with respect to the backward positioned detectors.
Since there was no way to reduce the distance between the detectors with 
traditional, individual frames, it was decided to attempt a new technique (fig­
ure 2.23). The experience with ISIS showed that normally, following the radiation 
damage, the two crystals of a telescope worsen their performance over similar time 
scales, so that the telescope is generally replaced as a whole instead of replacing
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Kapton Spacer
AE E
Figure 2.23: Diagram of the new telescopes of EUCLIDES.
the crystals individually. Supported by the good quality of the detectors provided 
by Micron Semiconductors Ltd., it was decided to glue together the crystals of a 
telescope, keeping them separated by small Kapton spacers about 100 p m  thick. 
The extreme solution of glueing together the crystals without spacers is not fea­
sible, for electrical reasons (the glue could give rise to surface contamination and 
to high surface currents) and for mechanical reasons (leaving little space for air 
leakage would unreasonably increase the risk of damage during the pumping). 
The solution adopted presents the clear disadvantage that in case of damage or 
failure of only one of the crystals, both are lost, being very hard to detach the 
crystals one from the other.
The adopted mechanical arrangement would lead to a very small distance 
between the biased face of the AE detector and the grounded face of the E 
detector, with a rather high possibility of sparks between these faces. To reduce 
this risk, it was decided to “flip” the AE detector, so that its grounded face would 
be close to the E grounded one. In this way, the AE can also be used to perform 
pulse shape discrimination [Paus92], increasing the discrimination efficiency for
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Figure 2.24: Scheme of the segmentation of the EUCLIDES forward detectors.
the particles that stop inside the AE.
In order to keep the telescopes as close as possible, it was decided to avoid 
using frames on the border of the detectors. This is clearly dangerous, because 
some dirt on the border could develop a low-resistivity current path, making it 
impossible to polarize the detector, however it is the only feasible solution to 
increase the efficiency.
In order to cover a smaller laboratory solid angle with the forward positioned 
detectors, it is not convenient to use smaller detectors, because this would increase 
unnecessarily the dead areas at the borders, decreasing the detection efficiency. 
Therefore, the best solution was to electrically segment the forward detectors. 
This would allow the detectors to withstand higher counting rates, keeping the 
pileup rate low at the same time, and would reduce the number of multiple hit 
events. Moreover, a reduced segment size would allow a better determination of 
the direction of the particles, leading to an improved kinematical reconstruction 
of the trajectory of the recoiling nucleus.
The number of segments per detector arises from a compromise between the 
economic possibilities (each segment requires an electronics channel, which is 
usually more expensive than the single detector!) and the physics requirements.
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Figure 2.25: Schematic design of the EUCLIDES detector array. In the leftmost 
picture, the segments are drawn and a zero-degree detector is added. In the 
rightmost picture, the detector frames are sketched and the zero-degree detector 
has been removed.
The experience with ISIS and EUROBALL shows that the limiting factor for the 
counting rate is the most forward Si detectors, and normally the beam current 
has to be reduced by a factor 3-4 with respect to what could be accepted by 
the Ge detectors only. Therefore, a reasonable segmentation would divide the 
forward detectors into 3 or 4 parts. To simplify the kinematical reconstruction, 
each segment should cover approximately the same angular range as the others. 
Various segmentation designs were tried in the simulation. The adopted one 
divides the pentagons in three segments and the hexagons in four (figures 2.24, 
2.25). It was not possible to divide the hexagons in three parts, because in 
this way one segment always covered an angular range double that of the others 
(figure 2.26). In the final arrangement presently planned, only the two most 
forward rings of detectors will be segmented. The segments of the second ring 
will be short-circuited in pairs, providing a reasonable compromise between the
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Figure 2.26: Angular coverage of the segments for the hexagonal detectors 
(segmented into three parts). One segment always covers twice as much d  angle 
range than the other two segments.
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Figure 2.27: Configuration of the electric field inside an ion-implanted Si de­
tector as the ISIS detectors.
optimal angular coverage and the cost of the associated electronics.
2 .7 .3  P u l s e  S h a p e  D i s c r i m i n a t i o n  w i t h  S i l ic o n  d e t e c t o r s
At this point, it is worthwhile to review shortly the technique used to achieve 
particle discrimination with single silicon detectors which has been developed 
by Pausch and co-workers [Paus92, Paus94, Paus95]. The basic idea is that the 
detailed shape of the pulse depends on the kind of incoming particle, due to the 
fact that heavier particles produce a higher charge carrier density along their 
track, and their range inside the detector is shorter. Heavy particles produce a 
high-density p la sm a  co lu m n  of electron-hole pairs along their track, inside whichf 
the charges cannot feel an external electric field. The p la sm a  e ro s io n  tim e  to
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dissolve the column is, according to the model proposed by England and co­
workers [Engl89], proportional to the electronic stopping power, and therefore it 
is indicative of the incoming particle species. The pulse shape difference can be 
enhanced by reversing the detector with respect to the usual mode of operation, 
that is putting its biased face in the direction of the incoming particles. Since 
heavier ions will produce ionization close to the biased face of the detector, that 
is in a low-field region (figure 2.27), the shape of the pulse will be dominated by 
the migration of holes to the grounded face. A two-dimensional plot of the centre 
of gravity of the time signal versus the deposited energy allows clear particle 
discrimination (see for instance figure 2.28). The quality of the discrimination, 
however, degrades with diminishing released energ}7.
2 .7 .4  P a r t i c l e  d i s c r i m i n a t i o n  w i t h  E U C L I D E S
Since the AE  detectors of EUCLIDES are placed in a reversed configuration, 
various techniques for particle discrimination will be employed depending on the 
energy range.
High-energy particles entering the E  detector will be discriminated using the 
conventional telescope technique, through the analysis of AE  — E  bidimensional 
plots.
Particles stopped in the AE  crystal and releasing an energy greater than 
7 MeV (that is, twice as much the maximum energy released by a proton within 
the AE  crystal), will be identified as a  particles, given the negligible proba­
bility for triple hit. For particles stopped in the AE  crystal and releasing less 
than 7 MeV, the pulse shape technique introduced in the previous section will be 
employed.
To this end, a special CAMAC module was developed [Busc99], called the 
Silicon Shaper Analyzer (figure 2.29). Each module hosts a single channel and 
provides the gaussian amplification of the signal from the charge preamplifiers, 
together with the standard Constant Fraction Discriminator timing and with the
C H A P T E R  2. T H E  IS IS  S I -B A L L 70
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Figure 2.28: Sample energy versus risetime matrix obtained with one 500 p m  
thick silicon detector operated in a “reverse” configuration. The reaction is 58Ni 
(375 MeV) + 58Ni. It is possible to distinguish heavy ions up to 160.
pulse shape information.
2 .7 .5  A  s p e c ia l  s e t - u p  t o  m e a s u r e  l i f e t im e s :  I S I S + P l u n g e r  
a n d  E U C L I D E S - b P lu n g e r
Using arrays of collimated germanium detectors, like GASP or EUROBALL, 
direct measurements of lifetimes in nuclei populated with weak intensities in 
fusion-evaporation reactions are impossible if the channel selectivity was achieved 
by direct detection of the recoiling nuclei, due to the necessity to use a thin target.
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Figure 2.29: Block scheme of the Silicon Shaper Analyzer module, specially 
designed for EUCLIDES.
Lifetimes measurements with the Doppler Shift Attenuation method however 
can benefit of the channel selectivity offered by high-efficiency light charged par­
ticle detection, such as the one provided by ISIS or EUCLIDES.
The technical difficulties of providing channel selectivity in experiments us­
ing the Recoiling Distance Doppler Shift method [Alle75] have been overcome 
only recently by the Gamma Spectroscopy group of the Laboratori Nazionali di 
Legnaro, in close collaboration with the University of Koln group lead by Prof. 
von Brentano and Dr. Dewald. Due to the kinematical focussing, the backward 
positioned detectors contribute little to the overall detection efficiency, thus it is 
possible to dismount them, leaving space for the structure of the Koln plunger 
device [Dewa98].
Two set-ups have been constructed, coupling the plunger device to 25 out of 
40 detectors of ISIS, which was used in one experiment with the GASP array, 
and to 15 out of 40 detectors of EUCLIDES (figure 2.30), which was used in 
two experiments with the EUROBALL IV array. At present, these are the only 
experiments in which the EUCLIDES detectors were employed, the EUCLIDES 
campaign at EUROBALL having been delayed because of problems with the
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Figure 2.30: Picture of the EUCLIDES+Koln plunger set-up, mounted on EU­
ROBALL IV at IReS Strasbourg.
Vivitron accelerator.
C hapter 3 
In -b eam  stu d y  o f  th e  G e  
nucleus
In the following two chapters we are going to present the experimental results on 
64Ge that were obtained during the current work. A detailed description of the 
analytical procedure will be given together with the results. This chapter will be 
devoted to the construction of the decay scheme, while in the next one we will 
concentrate on the determination of the lifetimes,
3 . 1  T h e  e x p e r i m e n t s
The decay scheme for the 64Ge nuclei was deduced from three sets of data collected 
during three experiments at the Laboratori Nazionali di Legnaro, in which a 32S 
beam was accelerated by the Tandem XTU accelerator and subsequently fired on 
a 40Ca target to produce fusion-evaporation reactions.
In the first experiment, a stack of two thin targets (500 /xg/cm2 each) was 
used to enhance the resolution of the transitions between the high-spin states of 
64Ge, which have a very fast decay and therefore are emitted in-flight. The beam 
energy was 125 MeV, thus 64Ge was populated via the evaporation of 2 a  particles. 
The 7 -rays were detected with the GASP spectrometer and the evaporated light
73
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charged particles were detected with the ISIS Si-ball.
In the second experiment, a stack of two thin targets was again used and 
the 7 -rays were detected with the EUROBALL spectrometer coupled to the ISIS 
Si-ball to achieve channel selection. This time, the beam energy was 155 MeV, 
leading to an increased population cross section for 64Ge via the evaporation of 
Ia2p2n (see section3.2).
In the third and last experiment, the EUROBALL spectrometer was coupled 
to the ISIS Si-ball and to the highly efficient neutron-Wall described in [Skep99]. 
Again the 40Ca(32S, 2 a )  reaction at 125 MeV beam energy was employed, but 
this time a 1 mg/cm2 40Ca target was evaporated on a 12 mg/cm2 gold backing.
In the rest of this chapter, we will concentrate on the analysis of the set of 
data from the last Legnaro experiment.
3 .2  C h o i c e  o f  t h e  b e a m  e n e r g y
The optimal beam energy was chosen on the basis of calculations performed 
with the statistical code CASCADE [Puhl77] and of the experience of previous 
experiments.
In figures 3.1, 3.2, 3.3 we present the theoretical excitation functions for the 
nuclei populated by firing a 32S beam on a 40Ca target, calculated with CAS­
CADE. The calculations were not optimized and were used simply as an approx­
imate reference to understand the characteristics of the reaction.
The population cross section for 64Ge is predicted to reach a maximum value 
of about 3 mb at 155 MeV beam energy. This value is orders of magnitude smaller 
than the population cross section for many competing channels such as, for in­
stance, 63,64,65Ga, 65>66>67>68Ge? 62>63>64Zn. The calculated population cross section 
for 64Ge as a function of the beam energy (figure 3.1) presents a local maximum 
at about 105 MeV, then it decreases up to 115 MeV where it starts increasing 
again. This corresponds to two different population paths, via evaporation of
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Figure 3.1: Population cross sections for the reaction 32S +  40Ca, calculated
with the evaporation code C A S C A D E .
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Figure 3.2: Population cross sections for the reaction 32S + 40Ca, calculated 
with the evaporation code CASCADE.
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Figure 3.3: Population cross sections for the reaction 32S +  40Ca, calculated
with the evaporation code C A S C A D E .
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2a particles from the compound nucleus 72Kr* at low energy and via evaporation 
of Ia 2p2n at higher energy.
Experimentally, it is convenient to populate the 64Ge nuclei at a lower beam 
energy even if the population cross section is lower, because the detection in 
coincidence of 7 -rays and a  particles provides a better channel selectivity than 
the simultaneous detection of 7 -rays and protons. The final beam energy of 
125 MeV was chosen on the basis of previous experiments performed in the 64Ge 
region. To be convinced that at 125 MeV beam energy 64Ge is populated via 
evaporation of 2a  particles (and not via the evaporation of la:2p2n), consider the 
spectra presented in figures 3.4 and 3.5. The spectra were obtained at 125 MeV 
beam energy, gating on the 1665 keV 64Ge transition, respectively in coincidence 
with laOpOn, lalpOn, Ia2p0n, 2a0p0n as detected by ISIS and by the 11-Wall. 
The characteristic transitions of 64Ge, like the 902 keV 2+ —> 0+ transition, are 
visible only in the first and in the last spectrum, suggesting that 64Ge is not 
significantly populated via the evaporation of Ia2p2n at 125 MeV beam energy.
3 . 3  P r e v i o u s  w o r k  o n  64G e
Before the present work, the best source of information on 64Ge was the work 
by Ennis and co-workers [Enni91]. Their deduced level scheme is presented in 
figure 3.6. Four rotational-like bands can be observed, extending up to a tentative 
spin J7r =  (13“) and to about 8 MeV excitation energy. Although their data were 
rather clean, the statistics was not sufficient to extract multipolarities for most 
of the transitions, thereby spin and parity assignments to most of the levels are 
tentative.
Using the data from the GASP experiment (which were presented in [deAn98]) 
a new positive-parity band was found, extending slightly higher in energy, reach­
ing a tentative spin I % =  (16“) and an excitation energy of almost 10 MeV. The 
level scheme is presented in figure 3.7. The quality of the data was such that a
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Figure 3.4: Top: spectrum obtained gating on the 1665 keV transition in a 7 7  
matrix in coincidence with la. Bottom: same, in coincidence with lalp .
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Figure 3.5: Top: spectrum obtained gating on the 1665 keV transition in a 7 7  
matrix in coincidence with la2p. Bottom: same, in coincidence with 2a.
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Figure 3.6: Previously known level scheme of the 64Ge nucleus. Taken from 
Ennis et al. [Enni91].
DCO analysis was feasible. However, due to the limited statistics only spins were 
assigned to the levels, with the parities assigned on the basis of the systematics.
3 . 4  T h e  E U R O B A L L  7 - r a y  s p e c t r o m e t e r
The EUROBALL 7 -ray spectrometer [Gerl92] is the final result of a European 
collaboration to construct a powerful instrument, able to improve by orders of 
magnitude the observational limit of the previous-generation arrays.
In the configuration used at Legnaro, EUROBALL III was composed of 239 
germanium crystals, arranged in the following way (figure 3.8):
• 30 large efficiency single-cr}7stal detectors (Phase I), covering the forward 
7T of the total solid angle;
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Figure 3.7: Level scheme of the 64Ge nucleus, inferred from the GASP data. 
Taken from [deAn98].
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Figure 3.8: Pictorial side view of the EUROBALL array.
• 26 Clover detectors [Beck94, Duch99], each composed of 4 crystals, covering 
the central 27t;
• 15 Cluster detectors [Eber92, Eber96], each composed of 7 crystals, covering 
the backward 7r.
Each of the detectors has its own anti-Compton shield. The composite detectors 
of EUROBALL offer the possibility to perform the addback [Gerl92]: the signals of 
the neighbouring crystals of a same detector can be summed together if their anti- 
Compton shield did not fire in coincidence. This allows to increase considerably 
the photopeak efficiency for high-energy 7 -rays. The total photopeak efficiency 
is of the order of 10% when considering a single 1.33 MeV photon and drops to
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«  6% when firing a cascade of 30 photons of the same energy.
Such a large number of electronic channels could not be sensibly managed 
using commercial NIM or CAMAC electronics, therefore the collaboration has put 
a large effort into the development of a devoted electronic system, adopting the 
VXI standard for the modules [vxib89]. Each of the modules provides linear and 
logical electronics for many germanium channels [Gerl92]: the card for the Phase 
I detectors hosts 12  channels, the card for the Clovers hosts 5 channels, the card 
for the Clusters hosts 8 channels. Each electronics channel includes also an ADC 
and a TDC, thus performing direct digitization of the processed pulses. Similar 
cards have been developed for the BGO anti-Compton shields. Each shield is 
segmented in many parts and the signals from the individual photomultipliers 
are processed individually. The set-up of the whole electronics is performed via 
software and the configuration can be saved and recovered in case of power losses.
Due to the high photopeak efficiency of EUROBALL, the counting rate for 
typical fusion-evaporation reactions is expected to be very high, therefore an ac­
quisition system has also been developed [Bara97], which is able to process a 
very high data flux (of the order of 20MB/s). The whole of the electronics for 
the germanium detectors is arranged into 9 crates, divided into 3 racks. For 
each crate, there is a ReadOut Controller (ROCO), performing the readout of 
the ADC and TDC channels. Three Event Collector cards (one for each rack) 
perform the data readout from the racks; each one is equipped with a Hardware 
Histogramming Unit (HHU). The spectra built with this unit reflect the data 
before the super-event construction. The subevents produced by the event col­
lectors are sent through an optical fibre net to the Event Processor Farm (EPF), 
where the super-event is built. The EPF accepts raw data as input, producing the 
formatted data to be written on tapes and pre-formatted data which are passed 
to the Event Spy Farm (ESF) for further processing. The EPF can also produce 
classification spectra sending data to the Histogram Server (HS), allowing the 
online storage of pre-sorted spectra. The ESF basically performs user-defined
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Figure 3.9: Block scheme of the E U R O B A L L  data acquisition system.
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controls over the pre-processed data, allowing the user to check the validity of 
the acquired data. The operations that the EPF and the ESF should execute 
are defined through programs written in the Neo++ language, adding libraries 
devoted to the detector definition to the standard C++ libraries. This allows 
flexibility of use and easy adaptation to the various user requirements.
3 . 5  T h e  a n a l y s i s
In this section we will describe the analysis procedures that have been used to 
analyze the data coming from the EUROBALL experiment.
3 .5 .1  S t r u c t u r e  o f  t h e  d a t a
Data were written on tape in l is t  m ode. In list mode, every time that a new event 
occurs, the signals from each detector which fires are digitized and written on 
tape, together with a number identifying the detector. In our case, the occurrence 
of a new event is determined by the conditions defined in the fa r m  program (see 
section 3.4). These conditions are typically that a minimum number of detectors 
fire in coincidence within a fixed time window.
Usually, data on tapes are arranged in files, each one of which is called a ru n .  
In our case, runs were kept as short as possible to minimize the risk of electronics 
drifts, but care was taken to gather enough statistics in each run to perform a 
good gain-matching later in the off-line analysis.
Tapes were read using the GS0RT program [Bazz97]. This is a general-purpose 
sorting program, which accepts pre-defined commands written in a command 
file. User-written subroutines can be implemented in the program to perform 
special operations. Using this program, raw data can be re-arranged in one-, two- 
and three-dimensional, ordered structures for the following steps of the analysis. 
Such structures are usually called spectra, m a tr ic e s  and cubes. In the rest of the 
analysis, such structures were handled using the TRACKN and the CMAT programs
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of the GASP data analysis package [Bazz97].
3 .5 .2  C a l i b r a t i o n  o f  t h e  7- r a y  d e t e c t o r s
Using an array of many 7 -ray detectors it is very important to have the possibility 
to sum together the data coming from different detectors. Therefore, the gains 
of the electronic chains associated with each detector have to be aligned. This
process is called the g a in  m a tc h in g . Even the gain of a single detector may change
in time due to instabilities of the electronics, so that each run of each detector 
has to be matched to a reference run. In our case, to ensure a better energy 
calibration, the last in-beam run was chosen, since it was tlie closest in time to the 
runs taken with radioactive sources (see below). This minimized the risk of drifts 
of the electronics in between. Tapes were read off-line to produce p ro je c tio n s  for 
each detector and for each run, that is one-dimensional spectra without further 
conditions. The projections were subsequently analyzed to produce the alignment 
coefficients matching each run to the last run. At this stage, the seven capsules 
composing a Cluster and the four crystals composing a Clover were still treated 
as independent detectors.
After this process, an absolute energy calibration has to be found to deduce 
energies for the 7 -ray transitions and for the levels. Therefore, runs with standard 
radioactive sources of 152Eu and 56Co were taken. Absolute energy calibration 
coefficients for each detector were obtained fitting the source spectra. They were 
later combined with the alignment coefficients to ensure absolute energy calibra­
tion for each detector and for each run.
3 .5 .3  C a l i b r a t i o n  o f  t h e  s i l ic o n  d e t e c t o r s
In this experiment, the silicon detectors were simply used to identify the kind 
of incoming particles, thereby an absolute energy calibration was not necessary. 
Nevertheless, a gain matching was performed to simplify the further analysis.
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C ut
Figure 3.10: Schematic procedure for the second-order recalibration of the AE 
detectors. The resulting spectrum is shown in a linear-log scale.
As a first step, a short in-beam run was taken, sending a precision pulser 
signal into the preamplifiers, with six different amplitudes. In this way it was 
possible to align the electronic chains for all of the 80 detectors, producing a set 
of alignment coefficients. Since the electronics for the Si-ball was quite stable and 
very high precision was not needed, these same coefficients were used to align all 
of the runs. It should be pointed out is that it is not possible to perform the pulser 
calibration off-beam. In fact, the preamplifiers of ISIS are of the charge-sensitive 
type, thus their output signal is proportional to the collected charge:
v  =  §  (3.1)
This implies that any variation in the detector capacitance will reflect on the 
amplitude of the signals. Since the capacitance of the detectors varies with the 
temperature and with the reverse current, depending on the flux of incoming 
particles, an off-beam pulser alignment would not produce precise results.
After the electronics alignment, a second-order recalibration is needed for the 
AE detectors. In fact, the amplitude of the signals depends on the effective
C H A P T E R  3. IN - B E A M  S T U D Y  O F T H E 64 G E  N U C L E U S 89
CO Time + TOF
Figure 3.11: Crossover time versus Time-of-flight-1-Crossover time matrix from 
a detector of the EUROBALL n-Wall. The reaction is 32S (125 MeV) + 40Ca.
thickness of the detector. Small variations in the thickness of the detectors lead 
to negligible variations in the signal amplitudes for the E detectors, since their 
average thickness of 1 mm is much larger than such variations (of the order of a few 
micrometers). The situation is quite different for the AE detectors, whose average 
thickness is about 130 /im. The second-order recalibration begins producing a 
E  — AE  matrix for each telescope, using the first-order recalibration coefficients. 
Then, each matrix is “cut” in a direction parallel to the AE axis, as shown in 
figure 3.10. The resulting one-dimensional spectra present two prominent peaks, 
corresponding to the intersection with the proton and with the a  particle loci. 
These two peaks can be used to deduce linear shift coefficients, which, combined 
with the first-order recalibration coefficients, achieve the final gain matching for 
the AE detectors. The results are quite reasonable, as already shown in chapter 2. 
Therefore, for each particle species the same bi-dimensional gate could be applied 
to all of the telescopes.
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3 .5 .4  T h e  n e u t r o n - W a l l
As mentioned previously, in this experiment EUROBALL was used together with 
an array of neutron detectors. Referring for the detailed description of the array 
to [Skep99], here we will simply remind that it was composed of 15 three-fold 
segmented detectors containing liquid scintillator, each of them read indepen­
dently by three photomultiplier tubes. The detectors were mounted in place of 
the forward l 7r of EUROBALL.
In the case of the neutron-Wall, no recalibration nor gain matching were 
performed. The cleanest 7 -neutron discrimination is achieved examining a zero- 
crossover time (711) versus time-of-flight + zero-crossover time (n 0) matrix, like 
the one shown in figure 3.11. A gain matching was attempted but subsequently 
discarded, since it turned out that the “spots” corresponding to neutrons in 
the r ig - r i i matrices could not be superimposed with sufficient precision. Since 
the probability of interaction of a 7 -ray with the neutron detectors is larger 
than the probability of interaction of a neutron, it was sensible to keep the bi- 
dimensional neutron gates as narrow as possible to reduce the contamination 
coming from 7 -rays detected in the neutron detectors. Therefore, we preferred 
to apply individual bi-dimensional gates for each element of the neutron-Wall 
[Gade99].
3 .5 .5  T h e  s o r t
Having calibrated or gain-matched the 7 -ray and the particle detectors, the tapes 
were once again read to sort the data into matrices and cubes on disk, thereby 
allowing easy access to the data and simplifying the further analysis. A matrix 
is a bi-dimensional histogram where each axis corresponds to a defined quantity, 
as the signal of a particular class of detectors or a combination of signals. For 
instance, a 7 7  matrix is generated by histogramming on one axis the signal of 
any 7 -ray detector and on the other axis the signal of whatever 7 -ray detector
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fires in coincidence with the first one.
Various matrices and cubes were produced with different conditions on the 
7 -ray detectors and on the particle multiplicity. These matrices were used in the 
following analysis. At this stage, the addback was performed.
3 . 6  C h a n n e l  s e l e c t i o n
As mentioned previously, the population cross section for 64Ge was smaller than 
those of many other reaction channels. Therefore, it was not possible to study 
its structure using 7 -ray detectors only.
Consider the first spectrum shown in figure 3.12, which is the projection of 
a 7 7  matrix without conditions on particles. No 64Ge 7 -ray is evident in the 
projection. A gate on the 1665 keV transition leads to the second spectrum of 
figure 3.12, where again none of the prominent lines can be attributed to 64Ge, 
all of them belonging to intensely populated channels and entering the gate by 
random coincidence. The transitions of 64Ge are visible but are extremely weak. 
The number and the intensity of lines belonging to other nuclei means that this 
spectrum is not useful to reconstruct the 64Ge decay scheme. For this purpose, 
spectra with lower statistics but cleaner channel selection are needed.
In order to put in evidence the transitions o f64Ge, the coincidence with par­
ticles was used. Requiring the coincidence with one a  particle as detected in the 
Si-ball, the transitions of 64Ge begin to appear, as shown in figure 3.13. Gating 
on the 528 keV transition, one gets the second spectrum of figure 3.13, where only 
64Ge 7 -rays can be identified.
The coincidence with two a  particles is even a stronger condition and the 64Ge 
transitions are evident in the projection of the matrix (figure 3.14). The additional 
coincidence with the 528 keV line leads to a very clean spectrum, although with 
a low number of counts. Similar results are obtained adding the coincidence with 
neutrons.
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Figure 3.12: Top: projection of a 77  matrix without conditions on particles.
Bottom: spectrum obtained gating on the 1665 keV transition on the same ma­
trix.
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Figure 3.13: Top: projection of a 77 matrix in coincidence with an a  parti­
cle. Bottom: spectrum obtained gating on the 1665 keV transition on the same
matrix.
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Figure 3.14: Top: projection of a 77 matrix in coincidence with two a  parti­
cles. Bottom: spectrum obtained gating on the 1665 keV transition on the same
matrix.
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64Ge (2a) transitions, gate on 528IceV
E y  (keV) / ( la ) /(2 a ) (%)
848 1131 208 26.9 ± 2 .0
873 1412 428 37.7 ± 2 .1
902 3370 765 31.2 ± 1 .2
1127 2566 545 29.8 ±  1.4
1151 2407 509 29.7 ± 1 .5
1665 1731 365 29.6 ± 1 .7
63 Ga, (2 a lp ) transitions, gate on 649 lceV
E y  (keV) / ( l a ) J(2a) / ( lp ) jT (la lp ) I(2 a lp )
443 2979 576 1354 1367 317
625 15534 2878 11271 7502 1416
1077 45942 8570 30093 22631 4248
1140 55979 10499 34308 27590 5196
1772 42961 8114 27715 20991 4111
63Ga. (2 a lp ) transitions, gate on 649 lceV
E y  (keV) ea (2 a  — a) £a (2ap -  ap) eQ.(ap — Oap)
443 27.9 ±  1.2 31.7 ± 2 .0 33.2 ± 1 .8
625 27.0 ± 0 .5 27.4 ± 0 .8 25.0 ± 0 .4
1077 27.2 ± 0 .3 27.3 ± 0 .5 27.3 ± 0 .2
1140 27.3 ± 0 .3 27.3 ± 0 .4 28.7 ± 0 .2
1774 27.4 ± 0 .3 28.1 ±  0.5 27.4 ± 0 .3
63Ga (2 a lp ) transitions, gate on 649 keV
E y  (keV) ep(2ap — 2a) £a (ap — aOp)
443 35.5 ± 2 .5 43.2 ± 1 .8
625 33.0 ±  1.1 39.9 ± 0 .6
1077 33.1 ± 0 .6 42.9 ± 0 .4
1140 33.1 ± 0 .6 44.6 ±  0.4
1774 33.6 ±  0.6 43.1 ±  0.4
T a b le  3 .1 : M easured peak areas and deduced lig h t p a rtic le  efficiencies fo r some 
cha rac te ris tic  tra n s itio n s  in  64Ge and 63 Ga.
CHAPTER 3. IN-BEAM STUDY OF THE 64 GE NUCLEUS 96
65Ge ( la 2 p ln )  tra n s itio n s , gate on l l l k e V
E1 (keV) / ( l a ) / ( l a l p ) / ( l a 2p) / ( l a i n ) / ( l a l p l n ) J ( l a 2p ln )
519 10019 8318 1620 3283 2779 721
863 13906 12355 2276 4318 3963 1003
1104 1 1 2 1 2 10006 1864 3367 3259 843
1255 7446 6496 1181 2363 2152 489
1356 6098 5266 932 2074 1792 396
65Ge ( l a 2p ln )  tra n s itio n s , gate on l l l k e V
Ey (keV) £p( a 2p — a p ) ep( a 2pn — ap n ) £p(a n  — aOpn) £p(a p  — aOp)
519 28.0 ± 0.8 34.1 ±  1.4 29.7 ± 0 .8 29.1 ± 0 .4
863 26.9 ± 0 .6 33.6 ± 1 .2 31.5 ± 0 .7 30.8 ± 0 .4
1104 27.1 ± 0 .7 34.1 ± 1 .3 32.6 ± 0 .8 30.9 ± 0 .4
1255 26.7 ± 0 .8 31.2 ± 1 .5 31.3 ± 0 .9 30.4 ± 0 .5
1356 26.1 ± 0 .9 30.6 ± 1 .7 30.1 ± 0 .9 30.1 ± 0 .6
65Ge ( la 2 p 'ln )  tra n s itio n s , gate on l l l k e V
Ey (keV ) £-„(2a p  -  2a ) en (a p  — aOp) £n (a p  — aOp)
519 30.8 ± 1 .4 25.0 ± 0 .5 24.5 ± 0 .5
863 30.6 ± 1 .2 24.3 ±  0.4 23.7 ± 0 .4
1104 31.1 ± 1 .3 24.6 ± 0 .5 23.0 ± 0 .5
1255 29.3 ± 1 .6 24.9 ± 0 .6 24.1 ± 0 .6
1356 29.8 ± 1 .8 25.4 ± 0 .7 25.4 ± 0 .6
T a b le  3 .2 : M easured peak areas and deduced lig h t p a rtic le  efficiencies fo r some 
cha rac te ris tic  tra n s itio n s  in  65Ge.
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67Ge (4 p ln )  tra n s itio n s , gate on 1327 keV
E1 (keV ) J(3p ) I (4 p ) £p
420 672 178 51.4 ± 4 .3
734 1312 273 45.4 ± 3 .0
996 2312 424 42.3 ± 2 .2
1240 1678 433 50.8 ± 2 .7
T a b le  3 .3 : M easured peak areas and deduced lig h t p a rtic le  efficiencies fo r some 
cha rac te ris tic  tra n s it io n s  in  67Ge.
3 . 7  D e t e c t i o n  e f f i c i e n c y  f o r  p a r t i c l e s
As discussed in  section 2.5, since the  effic iency o f th e  lig h t  p a rtic le  detectors is 
in tr in s ic a lly  lower th a n  100 %, the  gates on lig h t  pa rtic les  w il l  n o t be abso lu te ly  
“ clean” . In  o the r words, a channel pop u la te d  v ia  em ission o f M  id e n tica l pa rtic les  
w i l l  have a nonzero p ro b a b ility  to  be observed in  coincidence w ith  M  — 1, M  — 2, 
. . . ,  1 , 0 pa rtic les  as detected by the  lig h t p a rtic le  detectors. Such leakage o f 
h ig h e r-p a rtic le -fo ld  channels in to  a g iven channel p rovides a w ay to  de te rm ine  
e xp e rim e n ta lly  th e  de tec tion  efficiency.
S ta rtin g  fro m  th e  expression o f [W erf78] fo r the  p ro b a b ility  P(F,M )  o f de­
te c tin g  F  id e n tica l pa rtic le s  o u t o f M  e m itted :
'M y
P ( F , M ) = r F j e F ( l - e ) M~F (3 .2)
we get:
P (F ,M ) = e
P (F -1 ,M )F  ( 1
where J7>p is the  in te n s ity  o f a tra n s it io n , cha rac te ris tic  o f a nucleus popu la ted  
v ia  the  em ission o f M  pa rtic les , as measured in  a spec trum  in  coincidence w ith  
F  partic les. In  p rac tice , i t  m ay be d if f ic u lt  to  id e n tify  the  lines in  the  p ro je c tio n  
o f a m a tr ix  and i t  m ay be necessary to  gate on a given tra n s it io n . T h is  leads to  a
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fa c to r £p/l(F gate) a t the  n u m e ra to r and a t the  denom ina to r, w h ich  cancels leaving 
the  expression una lte red .
T he  results fo r the  E U R O B A L L  expe rim en t are sum m arized  in  tables 3.1, 3.2 
and 3.3.
T he  various estim ates suggest th a t  ea c j 30%, en c j 25%. N o tice  th a t  th is  
im p lies  th a t abo u t 40% o f the  s ta tis tic s  fo r 64Ge w il l  be seen in  coincidence w ith  
l a  p a rtic le  and o n ly  10 % o f the  s ta tis tics  w il l  be seen in  coincidence w ith  2a  
partic les. T h is  ju s tif ie s  th e  fa c t th a t  in  the  analysis i t  was o ften  p re ferred to  lo o k  
a t the  l a  m a tr ix  ra th e r th a n  a t the  2a , even i f  the  fo rm e r was somehow “ d ir t ie r ” 
th a n  the  la tte r .
T he  s itu a tio n  fo r the  p ro tons is somehow d iffe ren t. L o o k in g  a t the  65Ge 
(a 2p ln )  tra n s itio n s , th e  best es tim a te  is ep c j 35%, w h ile  lo o k in g  a t the  67Ge 
(4 p ln )  tra n s itio n s  one gets ep c j 50%. T h is  d iscrepancy m ay be a ttr ib u te d  to  a 
difference in  the  center-of-m ass spectra  o f the  p ro tons in  the  tw o  cases, lead ing  to  
a low er average p ro to n  energy in  the  case o f 65 Ge and the reby to  a la rge r fra c tio n  
o f p ro tons stopped in  the  absorber fo ils  and in  the  A E  detectors.
3 . 8  C o n s t r u c t i o n  o f  t h e  l e v e l  s c h e m e
T he level scheme deduced fro m  the  E U R O B A L L  expe rim en t is shown in  fig ­
ure 3.15. I t  was ob ta in e d  by  in ve s tig a tin g  tw o 7 7  m a trices  in  coincidence respec­
t iv e ly  w ith  one and tw o  a  pa rtic les  as detected in  th e  S i-ba ll. Some am b igu ities  
were solved lo o k in g  a t the  in tens ities , D C O  ra tio s  (see s e c tio n 3 .10 .1 ), angu la r 
d is tr ib u tio n s  (see section  3.11.3), p o la r iz a tio n  (see section  3.12) and a t the  sys- 
tem atics .
The  fo llo w in g  aspects shou ld  be po in ted  ou t:
•  T he  H  = 5-  leve l a t 3718 keV  e xc ita tio n  energy is de-excited by  three 
7 -rays o f 1665 keV , 747 keV  and 1048 keV  w h ich  were a ll observed in  E n ­
n is ’ experim en t. However, due to  the lim ite d  s ta tis tics , in  th e ir  w o rk  the
CHAPTER 3. IN-BEAM STUDY OF THE 64 GE NUCLEUS 99
10487
2670
1580
9628
8007
6565
8427
7579
Ge32 32
Figure 3.15: Level scheme fo r the  64Ge nucleus, as deduced fro m  the  E U ­
R O B A L L  experim en t. T he  w id th s  o f the  arrow s are p ro p o rtio n a l to  the  in tens ities  
o f the  tra n s itio n s . T he  dashed tra n s itio n s  were seen in the  G A S P  experim en t b u t 
n o t in  the  present E U R O B A L L  experim ent.
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Figure 3.16: S pectrum  ob ta ined  g a tin g  on the  528 lceV tra n s it io n  on a 7 7  m a tr ix  
in  coincidence w ith  tw o  a  pa rtic les . T he  1048 keV  tra n s it io n  is c lea rly  v is ib le .
1048 keV  tra n s it io n  was in c o rre c tly  placed, d e p o p u la tin g  a 5+ level a t a l­
m ost the  same e x c ita tio n  energy as the  5 " .  O u r d a ta  c lea rly  prove the  
coincidence between the  528 keV  and the  1048 keV  7 -rays, w h ich  w ou ld  be 
im possib le  i f  the  la t te r  d id  n o t depopu la te  the  5~ level (see fig u re 3.16).
•  T he  order o f the  1234keV -1820keV  tra n s itio n s  cannot be un iq u e ly  de ter­
m ined  by th e  7 7  da ta . T he  same happens fo r the  2206keV -848keV  tra n ­
s itions. T he  f in a l o rde r was assigned on the  basis o f the  system atics and 
o f the  m u lt ip o la r ity  de te rm ina tio ns , suggesting th a t  the  1234 keV  and the  
2206 keV  tra n s it io n s  l in k  states w ith  a A I  — 1 sp in  difference (see sec­
tions  3.10.1 and 3.11.3).
•  M any  p rev ious ly  know n tra n s itio n s  are n o t d ire c tly  observed in  th e  E U ­
R O B A L L  data . These inc lude  the  cascade above the  4+ level a t 2053 keV  
and the  cascade above the  9~ a t 5373 keV  e x c ita tio n  energy. A n o th e r 
1187 keV  tra n s it io n  was te n ta tiv e ly  p laced above the  14^+ ) level 011 the  basis 
o f the  G A S P  data . I t  is also in v is ib le  in  the  E U R O B A L L  da ta , suggesting
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q u ite  a fas t decay.
3 . 9  I n t e n s i t i e s
T he  f irs t  step to  de te rm ine  the  in te n s ity  o f 64Ge tra n s it io n s  is to  measure an 
e ffic iency ca lib ra tio n . T he  pho topeak effic iency o f a de tec to r varies w ith  the  
p h o to n  energy, m ean ing  th a t  the  area o f peaks in  the  spec trum  w i l l  depend b o th  
on the  absolute num ber o f e m itte d  pho tons and on the  pho topeak effic iency a t 
th e ir  energy.
A n o th e r p rob lem  in  d e te rm in in g  the  in tens ities  o f lo w -in te n s ity  tra n s itio n s  is 
th a t  th e y  are n o t d ire c tly  v is ib le  in  the  p ro je c tio n  o f a m a tr ix .  T h e y  can o n ly  be 
seen g a tin g  on some m ore intense tra n s it io n . In  o rde r to  deduce p ro p e rly  th e ir  
in tens ity , i t  is there fore  necessary to  co rrect fo r the  effic iency a t the  gate.
3.9.1 Efficiency calibration
T he  re la tive  effic iency c a lib ra tio n  is de te rm ined  ana lyz ing  th e  spectra  taken w ith  
s tanda rd  rad ioac tive  sources o f 152E u and 56Co, fo r w h ich  th e  in te n s ity  ra tios  o f 
the  tra n s itio n s  are w e ll-know n. T w o  sources were needed to  cover the  energy 
range between 40keV  and 3 M e V : the  low -energy estim ates were p rov ided  by the 
X -rays  and the  7 -rays com ing  fro m  the  152E u source, the  h igh-energy estim ates 
were ob ta ined  w ith  the  56Co source.
T he  s tandard  procedure to  get an effic iency c a lib ra tio n  fo r  an a rray  o f detec­
to rs  w ith  s im ila r  e ffic iency response s ta rts  sum m ing  toge the r the  spectra  o f a ll 
th e  detectors. T he  re su ltin g  spec trum  is then  analyzed to  fin d  the  area o f the  
know n peaks, w h ich  can be considered as d iscrete e ffic iency estim ates. These dis­
crete estim ates can be subsequently f it te d  w ith  a sem iem p irica l expression. T ffis  
was a tte m p te d  also in  o u r case, b u t the  results were n o t good p a r t ic u la r ly  a t low  
energies, since E U R O B A L L  is composed o f detectors whose effic iency response is 
ra th e r d iffe ren t.
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EB+iSlS+n—Wall l52Eu +■ 56Co Efficiency Calibration
Figure 3.17: R e la tive  e ffic iency curve fo r the  E U R O B A L L  a rray  coupled to  the  
IS IS  S i-ba ll and to  the  n -W a ll. A dd -back  was perfo rm ed fo r b o th  the  C lover and 
the  C lus te r detectors. T he  p o in ts  are the  expe rim en ta l efficiencies fo r the  152E u 
and 56Co rad ioac tive  sources.
There fore , an e ffic iency c a lib ra tio n  fo r  the  C lusters alone and fo r the  C lover 
alone had to  be found. A fte r  the  addback, the  spectra  o f a ll the  detectors o f 
th e  same k in d  were sum m ed toge the r. T he  d iscrete e ffic iency estim ates ob ta ined  
fro m  those spectra  were f it te d  w ith  the sem iem p irica l expression o f Jackel et al. 
[Jack87]:
Ins  -+ constan t =  (ai +  a2x  +  ci^x2) ■ a rc tg  (exp(a4 +  a5x +  a6x 2)) (3.4)
where x = \n(E/Eg) and Eg =  llc e V . T he  f i t  was pe rfo rm ed  w ith  the  JAECKEL  
p rog ram  by A . Gadea, w h ich  uses the  x 2 m in im iz a tio n  procedures o f the  M IN U IT  
package [cern95]. In  the  subsequent analysis, the  re la tive  e ffic iency curves fo r the  
C lusters and fo r the  C lovers were sum m ed together. A  co rrec tion  fa c to r was 
found , im pos ing  th a t  th e  sum  o f the  d iscrete effic iency estim ates fo r a num ber o f 
peaks in  the spectra  o f th e  C lovers alone and o f the  C luste rs  alone be equal to  
the  effic iency estim ates fo r  the  same peaks ob ta ined  by  sum m ing  the  C lover and
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the  C lus te r spectra.
T he  fin a l curve re su ltin g  fro m  such a procedure is shown in  figure  3.17.
3.9.2 In tensities
H av ing  a re la tive  e ffic iency c a lib ra tio n  curve, i t  was possib le to  dete rm ine  the  
expe rim en ta l 7 -ra y  in tens ities . As m entioned earlie r, since m ost o f the  64Ge 
tra n s itio n s  were n o t ev iden t in  the  p ro jec tions  o f the  m atrices , th e ir  in tens ities  
were deduced a fte r a gate on o th e r 64Ge 7 -rays. A n  absolute, no rm a lized  in te n s ity  
I  = 1000 was taken fo r the  g round -s ta te  tra n s it io n  o f 902 keV. W hen  possible, 
the  in te n s ity  o f the  7 -rays was d ire c tly  deduced fro m  the  gate on the  902 keV  
tra n s it io n , assum ing /(1 1 5 1 ) +  7(677) +  7(2068) =  1000. T he  in tens ities  o f the  
tra n s itio n s  connecting  th e  levels above 4 M e V  ( th a t is, above 77r =  5“ ) were 
deduced by g a tin g  on the  1665 keV  7 -ray  and f ix in g  the  in te n s ity  o f the  528 keV  
7 - ra y  to  the  value ob ta ine d  w ith  the 902keV -gate . Fo r a few  tra n s itio n s  no 
clean gate fro m  be low  cou ld  be found. In  these cases, a gate on the 528 keV  
tra n s it io n  was taken and a p ro p o rt io n  to  the  in te n s ity  o f the  1665 keV  lin e  was 
made, neg lecting  possible d ire c t feeding o f the  levels.
T he  in tens ities  were thus ca lcu la ted  as:
H E .)  =  Jo- A t P /  x (3.5)
E V-^7 )E I -Lgate )
where 70 is the  n o rm a liz a tio n  fa c to r ( in  our case, 70 =  1000) and A(E7) is the  area 
o f the  peak in  the  gated spectrum . E rro rs  were es tim a ted  ta k in g  the  s ta tis tic a l 
e rro r fo r the  num ber o f counts and the  f i t  d ispers ion fo r the  efficiency.
T he  results are sum m arized  in  tab le  3.4 and in  figure  3.15, where the  w id th  o f 
the  arrows is p ro p o rtio n a l to  the  in te n s ity  o f the  tra n s itio n s .
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E nergy (keV) In te n s ity
528 780 ±  25 a
677 1520 ± 6 a
747 89 ± 6 b
848 220 ±  25 c
873 340 ±  30 c
902 1000 d
1048 130 ± 9 b
1090 105 ± 8 b
1127 570 ±  50 c
1151 750 ±  18 a
1234 330 ±  30 c
1580 <  50 b
1665 567 ±  18 a
1820 300 ±  30 c
2068 96 ± 6 a
2206 250 ±  30 c
a: w eighted average, fro m  902 keV -ga ted  spectra  
b: p ro p o rtio n  w ith  the  1665 keV  tra n s it io n  in  528 keV -ga ted  spectra  
c: fro m  1665 keV -ga ted  spectra , ta k in g  the  528 keV  tra n s it io n  as reference 
d: absolute reference
T a b le  3 .4 : R e la tive  in tens itie s  o f the  64Ge tra n s itio n s  as deduced fro m  the  E U ­
R O B A L L  data , no rm a lized  to  the  902 keV  2+ —} 0+ tra n s it io n .
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3 . 1 0  D C O  A n a l y s i s
Spins and p a ritie s  were assigned to  the  levels on the  basis o f a D ire c tio n a l C o r­
re la tio n  fro m  O rien ted  states (D C O ) analysis, o f an A n g u la r D is tr ib u t io n  fro m  
O rien ted  states analysis and o f a P o la r iza tio n  C o rre la tio n  fo rm  O rien ted  states 
(P C O ) analysis. A  general theo ry  describ ing  these phenom ena can be found in  
the  rev iew  ed ited  b}7 W .D . H a m ilto n  [Stef75]. Here we w i l l  s im p ly  quote  the  m a in  
results.
T he  fo rm a lism  to  describe ensembles o f m icroscopic pa rtic les , such as nucle i, 
is the  density matrix fo rm a lism . K n o w in g  the  dens ity  m a tr ix  p fo r  an ensemble, 
i t  is possible to  ca lcu la te  the  average va lue o f any observable. A  tensor pg can 
be construc ted  fro m  the  dens ity  m a tr ix ,  w h ich  is called the  statistical tensor and 
gives the  same in fo rm a tio n  as the  dens ity  m a tr ix .
We say th a t an ensemble o f nuc le i is oriented i f  the  average value o f the  
angu la r m om en tum  is d iffe ren t fro m  zero. S ta rtin g  fro m  an o rien ted  ensemble 
w ith  dens ity  m a tr ix  p ( / ; )  and s ta tis t ic a l tensor pg(, le t us suppose th a t a pho ton  
is e m itte d  in  d ire c tio n  k. The  p ro b a b ility  o f de tection  w il l  be' g iven by:
W (k,Q )  =  E ( 7 I P o J / ) K ) ( r ' | e ( Q ) | r ) ( 2J/  +  I ) 1/*  (3.6)
t t '
where e(Q) is ca lled the  efficiency matrix and te lls  how the d e tec ting  s j7stem  
responds to  pure states.
L e t us now  suppose th a t the  in i t ia l  o rien ted  sta te  decays th ro u g h  the  em ission
o f a cascade o f tw o  7 -rays, j i  and 72 and th a t  b o th  photons are detected. T he
p ro b a b ility  o f de tec ting  the f irs t p h o to n  in  d ire c tio n  k\ and th e  second one in  
d ire c tio n  k2 w i l l  be given by:
w i h Q ^ Q i )  =  £  (2/2 +  i■
T\ t [ t 2 t '2
■{t[\£(Qi )\ti){t2\£{Q2)\t2) (3.7)
If  110 polarization is measured, that is if only a d irectional correla tion is measured,
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and i f  the  nuclear states have perfec t (o r “ good” ) p a r it j',  the  fin a l resu lt is: 
d n lCl f 22W(-dlVl-02V2) =
47T
• 4 f °  (7 1 ) ^ 2(72)
E  ( - 1 ) A i + A 2 ( 2 / o  +  1 ) 1 / 2 p J 0° ( / o )
Ao</oAlQl A2Q2
^ A 2 A i  Ao )  1/2
(2A 2 + 1 ) " 1/2 •
^ Q 2 Q 1 Q o  )
'y AiQi (0i (Pi )Ya2Q2 ($ 2^ 2) (3.8)
where the  A \( j)  are ca lled the  angular distribution coefficients:
A _  Z lkL'*' Fx(LL'If lM '* I 'h* ( '* 'V )
Aw )  ~  F4— r 7 T \ ,2-----------------
E lvt |7 W T )|
the  A i r X° (7 ) are generalized directional distribution coefficients:
Ai \ 7 j  „  1 , t - \ i2
E l t t  m vL )\
the  F\ are the  F-coefficients:
Fx( L L 'h h ) =  ( - l ) / l+ ,2_ 1 [(2A +  1 )(2 L  +  1 )(2 L ' +  1)(2T1 +  l )]1/2
( l  V  A I L V
\
A
1 1  - 1  0 J 1 14 h h /
the  7 ‘ Ao are the  generalized F-coefficients:
F ^ i L L ' I J o )  =  ( ~ 1 ) L,+Al+Ao+1 [ (2/0 +  1 ) ( 2A  +  1 ) ( 2L  +  1 ) 
•(2 L' +  1)(2Aq +  l) ( 2 A i +  1)(2A +  l )]1//>2
L V  A 
1 - 1 0
(3.9)
(3.10)
(3.11)
(3.12)
h  L I0
h  Lf Io
A i A Ao
and tp give the  d ire c tio n  o f p w ith  respect to  the  reference fram e.
I f  a d d it io n a l in te rm ed ia te  tra n s it io n s  are n o t observed, the  d ire c tio n a l corre­
la tio n  between the  tw o photons can s t i l l  be ca lcu la ted  ta k in g  in  cons ide ra tion  the 
de-orientation coefficients. S ta r t in g  fro m  the  de-orientation factor:
I f  A  A
Ux{I,hL)  =  ( - l ) ; / +7‘+ i+ A [(2 / i +  l ) ( 2 i /  +  l )]1/2
I f  I f  L
(3.13)
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the  c le -o rien ta tion  coeffic ien t is ca lcu la ted  as:
s itu a tio n  o f the  system  a fte r the  em ission o f an unobserved p h o to n  yn fro m  an 
in i t ia l  s ta te  Pq£l ( -G - i)  is s im p ly  g iven by:
fo r the  case in  w h ich  several ra d ia tio n s  are e m itte d  b u t n o t observed. I t  can be 
dem onstra ted  th a t the  d ire c tio n a l c o rre la tio n  does n o t change i f  th e  in te rm ed ia te  
tra n s itio n s  fo rm  a stretched cascade, th a t  is i f  a ll o f the  tra n s it io n s  com posing 
th e  cascade are pure 2L-poles and the  spins In o f the  excited nuclear states fo rm  
a m o n o to n ic  sequence, In — /0 — nL.
3.10.1 E xperim ental D C O  ratios for th e  64G e nucleus
U sing  an a rray  o f y -ra y  detectors, m any com bina tions o f angles are availab le  
to  s tu d y  the  d ire c tio n a l co rre la tions . T he  availab le  s ta tis tics  m ay be increased 
by sum m ing  pa irs  o f detectors p os itione d  a t s im ila r  angles. In  the  case o f E U ­
R O B A L L , a ll o f the  C lover de tecto rs are loca ted  a t a p o la r angle d ve ry  close 
to  90°. F ive  o f the  C lu s te r de tecto rs are pos itioned  a t the  same d ~  155°, the  
re m a in in g  ten  C lus te r detectors are p os itione d  a t d ~  137°. Thereby, m any 
n o n -sym m e tric  7 7  m atrices w ith  co n d itio n s  on the detected lig h t  pa rtic les  were 
construc ted , p u tt in g  on one axis th e  signals fro m  the  second “ r in g ”  o f C lus te r de­
tec to rs  (a t d ~  137°) and on the  o th e r axis, the  signals fro m  the  C lover detectors. 
O u r expe rim en ta l D C O  ra tio  was then  ca lcu la ted  as:
Pqn t o ) ~  (7n ) Pq/_I (dn- 1 ) $\n A„_ i (3.15)
lead ing  to :
pXq( In) =  UxlTnWxlTn- l )  ■ ■ ■ U x M p H h ) (3.16)
DCO = I {71 a t 137° gated by 72 a t 90°) 
/(72 a t 90° gated by yi a t 137°) (3.17)
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Clover 152Eu 4- 56Co Efficiency Colibrolion
Cluster Ring 2 152Eu + 56Co Efficiency Calibration
Energy (keV)
F ig u r e  3 .1 8 : R e la tive  effic iency curve fo r the  C lover detectors (to p ) and fo r the  
second “ r in g ” o f C lus te r de tecto rs (b o tto m ). A dd -back was pe rfo rm ed  in  b o th  
cases.
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Determination of the alignment
Figure 3.19: E xp e rim e n ta l d e te rm in a tio n  o f the  a / J  va lue fo r  the  63G a nucleus
T h is  corresponds to  c a lc u la tin g  the  fo llo w in g  q u a n tity :
D C O = l l ^ f f \  (3.18)
where W ( # i(pi'&2<p2) is defined in  equa tion  3.8 and the  sums are extended over 
th e  ava ilab le  pa irs  o f C lover and C lu s te r detectors.
A n  effic iency curve as a fu n c tio n  o f the  energy o f the  pho tons was dete rm ined 
fo r the  C lover detectors alone and fo r the  r in g  o f C lu s te r detectors alone, as 
described in  section 3.9.1. T he  resu lts  are shown in  figure  3.18. T he  experim en ta l 
D C O  ra tio s  were ca lcu la ted  as:
DCO  =  (3.19)
Ac-^Q Egate&y
where A q^ c is the  area o f the  peak in  the  C lus te r spectrum , gated by  the  C lover 
spectrum . T he  s ta tis tic a l e rrors were assumed fo r the  areas, w h ile  the  d ispersion
o f the  f i t  was assumed fo r  th e  efficiencies. The p rog ram  APDCO by Jose Lu is
T a in  [Tain97] was m o d ified  to  ca lcu la te  th e  sums o f equa tion  3.18, a llow ing  a 
th e o re tica l estim ate  o f the  D C O  ra t io  to  be ob ta ined  fo r th e  various cases.
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T he  expe rim en ta l resu lts  and the  assignments are sum m arized  in  tables 3.5, 
3.6 and 3.7, now  we are go ing  to  discuss them  in  more de ta il.
E xperim ental determ ination  o f th e in itia l alignm ent
One o f th e  m a in  prob lem s in  d e te rm in in g  m u lt ip o la r it ie s  th ro u g h  a D C O  ana l­
ysis is th a t  the  D C O  ra t io  depends s im u ltaneous ly  on the  spins o f the  levels 
connected by  the tra n s it io n , on th e  m u lt ip o la r ity  o f the  tra n s it io n , on its  degree 
o f m u ltip o le  m ix in g  ra t io  (5) and on the  degree o f in i t ia l  a lig n m e n t {a/J)  fo r the  
reac tion  channel. T he  in i t ia l  and fin a l spins can be es tim ated , b u t u lt im a te ly  the 
expe rim en ta l D C O  ra t io  w i l l  s im p ly  l im i t  a reg ion in  the  v ir tu a l a / J  — 5 plane. 
T he  d e te rm in a tio n  o f 5 w i l l  s t i l l  be possible i f  a / J  can be estim a ted . T h is  m ay 
invo lve  the  com parison o f the  th e o re tica l and expe rim en ta l D C O  ra tios  fo r some 
d ip o la r  tra n s it io n  w ith  know n  degrees o f m ix in g . A  d ip o la r tra n s it io n  is needed 
because the D C O  ra tio  fo r  an E2 tra n s it io n  gated by  ano the r E2 is exactly 1 fo r 
the  geom etry o f E U R O B A L L , indepe nden tly  fro m  the  a lig n m e n t a /J .
In  the  case o f 64Ge, no f irm ly  assigned d ip o la r tra n s it io n s  were available. 
There fore , we exam ined tw o  know n E l  tra n s itio n s  (<5 =  0) in  63 G a [Weis97] 
(w h ich  is p opu la ted  by evapo ra tio n  o f 2a lp ) ,  assum ing th a t  th e  a d d itio n a l evap­
o ra tio n  o f one p ro to n  w o u ld  n o t change the  degree o f a lig n m e n t ve ry  much. T he  
expe rim en ta l D C O  ra t io  fo r  th e  625 keV  9 /2 + -+  7 /2 “  tra n s it io n , ga tin g  on the  
894 keV  7 -ray, was 0.609 ±  0 .022 , l im it in g  the  possible values o f the  a lignm en t 
to  0.20 <  a / J  < 0.27. In  the  case o f the  1772 keV  1 9 /2 “  —> 1 7 /2 + tra n s it io n , 
g a tin g  on the  649 keV  line , we ob ta ine d  a D C O  ra tio  o f 0.700 ±  0.025, suggesting 
0.27 <  a / J  <  0.35 (see f ig u re 3.19). T he  la tte r  value seems somehow cleaner 
and is ob ta ined  w ith  la rge r s ta tis tics . A nyw ay the  value ob ta ine d  fo r 63G a gives 
s im p ly  an order o f m a g n itu d e  fo r 64Ge and should n o t be taken  as a very  precise 
estim ate . T he  rest o f the  ana lys is  was perfo rm ed  considering a / J  = 0.30 ±  0.05.
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E7 P artic les G ate L ine D C O
528 l a 902 528 0.949 ± 0 .1 7 0 E 2 stre tched
l a 1151 528 1.154 ± 0 .1 5 3
l a 528 902 0.926 ± 0 .1 6 6
l a 528 1151 1.018 ± 0 .1 3 5
l a 1127 528 1.189 ± 0 .1 5 6
l a 528 1127 1.175 ± 0 .1 5 5
2a 902 528 1.062 ± 0.221
2 a 1151 528 0.846 ± 0 .1 5 7
2a 528 902 1.154 ± 0 .2 3 8
2 a 528 1151 0.872 ± 0 .1 6 2
2a 1127 528 0.981 ± 0 .1 7 5
2a 528 1127 0.971 ± 0 .1 6 8
848 l a 528 848 1.131 ± 0 .1 7 8 E2 s tre tched
l a 1127 848 0.926 ±  0.274
l a 848 528 0.848 ± 0 .1 5 0
l a 848 1127 1.164 ± 0 .2 1 3
2a 528 848 0.890 ± 0 .2 2 4
2a 1127 848 0.722 ± 0 .2 1 4
2a 848 528 0.820 ± 0 .1 9 6
T a b le  3 .5 : E xp e rim e n ta l D C O  ra tio s  fo r 64Ge tra n s itio n s . T he  assignments were 
m ade assum ing a / J  = 0.30 ±  0.05. See te x t  fo r deta ils.
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E7 P artic les G ate L ine D C O
2206 l a 2206 1127 0.538 ± 0 .0 9 6 A i  =  1
l a 2206 848 0.664 ± 0 .1 1 8
2a 848 2206 0.566 ± 0 .1 9 5 5 < 0
2a 2206 528 0.680 ± 0 .1 9 0
2a 2206 1127 0.477 ± 0 .1 4 7
2a 2206 848 0.667 ± 0 .1 9 5
873 l a 873 528 1.079 ± 0 .1 5 1 E2 s tre tched
l a 528 873 1.071 ± 0 .1 5 0
1048 2a 528 1048 0.53 ± 0 .1 7
r—1II
<1
747 l a 528 747 1.28 ± 0 .2 7
2a 528 747 1.3 ± 0 .4
1820 2a 1820 873 0.911 ± 0 .2 7 6 E2 s tre tched
l a 1820 873 1.080 ± 0 .1 7 2
l a 1820 1127 0.985 ± 0 .1 9 3
l a 1127 1820 0.904 ± 0 .1 7 7
l a 873 1820 0.930 ± 0 .1 4 2
1151 l a 902 1151 1.302 ± 0 .1 9 7 E2  stre tched
2a 902 1151 1.050 ± 0 .2 0 0
2a 1151 902 1.276 ± 0 .2 6 2
T a b le  3 .6 : E xp e rim e n ta l D C O  ra tio s  fo r 64Ge tra n s itio n s . T he  assignments were 
made assum ing a / J  — 0.30 ±  0.05. See te x t fo r de ta ils .
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Ey P artic les G ate L ine D C O
1234 l a 1234 1820 0.626 ± 0 .1 1 8 A I =  1
l a 1820 1234 0.650 ± 0 .1 4 0
l a 1234 1127 0.667 ± 0 .1 5 3 -0 .2 0  <  5 < 0.09
l a 1127 1234 0.698 ± 0 .1 7 7 or
l a 528 1234 0,703 ± 0 .1 1 0 |< 5 |> 6
l a 1234 528 0.689 ± 0 .1 1 8
l a 1234 873 0.738 ± 0 .1 1 1
l a 873 1234 0.680 ± 0 .1 0 6
2a 873 1234 0.645 ± 0 .1 7 0
2a 1234 873 0.539 ± 0 .1 8 8
2a 1234 528 0.602 ± 0 .1 6 4
2a 528 1234 0.679 ± 0 .1 5 3
2a 1127 1234 0.560 ± 0 .1 7 6
2a 1234 1127 0.494 ± 0 .2 5 1
2a 1234 1820 0.658 ± 0 .1 9 7
2a 1820 1234 0.578 ± 0 .1 6 1
1665 l a 528 1665 0.616 ± 0 .0 8 5 A I  = 1
l a 1665 528 0.635 ± 0 .0 8 7
l a 1151 1665 0.636 ±  0.067 - 0.2 < 5  < 0.2
l a 1665 1151 0.665 ± 0 .0 7 1 or
2a 528 1665 0.606 ± 0 .1 1 6 H > 6
2a 1665 528 0.685 ± 0 .0 9 5
2a 1151 1665 0.786 ± 0 .1 5 1
2a 1665 1151 0.824 ± 0 .1 6 2
T a b le  3 .7 : E xp e rim e n ta l D C O  ra tio s  fo r 64Ge tra n s itio n s . T he  assignments were 
made assum ing a /  J  — 0.30 ±  0.05. See te x t fo r deta ils .
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The 1665 keV  transition
T h is  tra n s it io n  was re p o rte d  in  the  lite ra tu re  to  have a possible stre tched F I  
character. In  the  present d a ta  the  s ta tis tic s  fo r th is  lin e  were adequate and the  
gates ra th e r clean, so i t  was possible to  de te rm ine  its  D C O  ra tio  b o th  g a tin g  
fro m  above (on the  5 2 8 keV  y -ra y ) and fro m  be low  (on the  1151 keV  line ). T he  
weighted average fo r  th e  tw o  cases is respective ly  0.637 +  0.047 and 0.681 +  0.043. 
These values are n o t co m p a tib le  w ith  a stre tched E2 tra n s it io n  fo r w h ich  the  
th e o ry  p red ic ts  DCO  =  1.0.
Therefore , we investiga ted  the  po ss ib ilitie s  th a t  th is  tra n s it io n  lin ks  levels 
w ith  a A I  = 0 or A  L = 1  sp in  difference. T he  fo rm e r p o s s ib ility  is excluded w ith  
a degree o f confidence o f a b o u t 96% when g a tin g  fro m  below , since the  th e o re tica l 
estim ates fo r the  D C O  ra t io  are DCOth(A I  =  0) >  0.76 fo r any value o f 5 and 
fo r 0 .1 <  a / J  <  0.5. T he  gate fro m  above is com pa tib le  w ith  a A J  =  0 sp in  
difference and a m ix in g  ra t io  —5.7 <  5 <  —0.8 (assum ing 0.25 <  a / J  <  0.35 as 
m entioned before).
A ssum ing  A I  = 1 , one ob ta ins  resu lts in  m u tu a l agreem ent when ga tin g  fro m  
above and fro m  below . T hree  d iffe ren t ranges o f 5 are co m pa tib le  w ith  ou r d a ta  
(see f ig u re 3.20). T he  th ree  in te rva ls  are 5 <  —3.7, —0.23 <  5 <  + 0.10 , 6 >  + 1 1  
fro m  the  gate on the  528 keV  y-ray, 8 <  —5.7, —0.02 <  8 <  +0 .19 , 8 >  5.7 
fro m  the  gate on the  1151 keV  tra n s it io n . I t  is n o t possible to  d isc rim ina te , on 
the  basis on th e  D C O  ra tio s  only, between the  tw o po ss ib ilitie s  o f sm a ll o r la rge 
m ix in g  ra tio , b u t o n ly  to  estab lish  the  A I  — 1  sp in  difference.
The  A I  = 1 assignm ent fo r the  1665 keV  lin e  is con firm ed  also by the  A n g u la r 
D is tr ib u t io n  analysis (section  3.11).
T he 1048 keV  transition
In  th is  case, due to  the  lim ite d  s ta tis tics , the  o n ly  estim ate  fo r the  D C O  ra t io  
comes fro m  the  gate on the  528 keV  y-ray. T he  fin a l value, DCO = 0.53 +  0.17 is
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Figure 3.20: T h e o re tica l D C O  ra tios  in  the a rc tg  6 versus a / J  p lane fo r a 5 —► 4 
tra n s it io n  gated fro m  above (7 —»■ 5, to p ) and from  below  (4 —> 2, b o tto m ).
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com pa tib le  w ith  a A I  =  1  sp in  d ifference, b u t here i t  is n o t possible to  de te rm ine  
the value o f 5. I t  shou ld  be no ted  th a t in  th is  case the  p o s s ib ility  o f a A I  = 0 
sp in  d ifference is also excluded w ith  85% o f confidence.
T he 747 keV  transition
D ue to  the  lim ite d  s ta tis tics , the  expe rim en ta l estim ate  o f the  D C O  ra tio  fo r 
the  747 keV  7 - ra y  is affected by  a large re la tive  e rro r. I ts  value, DCO  =  1.3 ±  
0.4, suggests a s tre tched quadrupo le  character, b u t o the r p oss ib ilitie s  canno t be 
excluded.
The 1820 keV  and 1234 keV transitions
T he 1820 keV  tra n s it io n  was p rev ious ly  observed b o th  in  the  w o rk  by E nn is  and 
co-workers and in  the  G A S P  experim en t. In  the  la tte r , i t  was te n ta tiv e ly  assigned 
a stre tched E l  character. In  the  present da ta , no coincidence is observed between 
the  1820 keV  and the  848 keV  tra n s it io n , s tro n g ly  suggesting th a t the  level scheme 
o f [deAn98] shou ld  be m od ified .
T he  levels a t 8427 and 5373 keV  appear to  be connected by  tw o  p a ra lle l cas­
cades o f tra n s itio n s , nam e ly  1820 and 1234 keV  on one side and 848 and 2206 keV  
on the  o ther. As m en tioned  prev ious ly , the  in tens ities  o f the  1820 and 1234 keV  
tra n s itio n s  are a lm ost equal, there fo re  th e ir  o rde ring  is n o t d e fin itive . T he  D C O  
analysis c lea rly  p o in ts  to  the  1820 keV  tra n s it io n  possessing a quad rupo le  char­
acter and th a t the  1234 keV  tra n s it io n  lin ks  levels w ith  a A I  = 1  sp in  difference.
T he  gates fro m  be low  (528 and 1127 keV ) lead to  an average D C O  ra t io  o f 
0.660 ± 0 .0 5 3  fo r the  1234 keV  tra n s it io n . T he  p o s s ib ility  th a t the  sp in  difference 
cou ld  be A I  = 0 is excluded w ith  a confidence o f a bo u t 96%, since the  th e o re tica l 
estim ates fo r the  D C O  ra t io  are D C O th ( A I  =  0) >  0.77 fo r any value o f 6 and 
fo r 0.1 <  a / J  <  0.5.
T a k in g  a / J  = 0.30 ±  0.05 and A I  — 1, th ree  ranges o f 5 are co m pa tib le  w ith  
the  da ta  (see f ig u re 3.21). T he  th ree  in te rva ls  are 5 <  —5.7, —0.21 <  5 <  ± 0 .09 ,
DCO 1 0 - 9 - 7  a , ,
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Figure 3.21: T h e o re tica l D C O  ra tios  in  the  a rc tg  6 versus a / J  p lane fo r a 10 —► 9 
tra n s it io n  gated fro m  below  (9 -»  7).
6 > + 8 .2 .
No clear gates fro m  above were availab le , since the  characte r o f the  873 keV 
tra n s it io n  is no t com p le te ly  fixed and i t  is dub ious w he ther the  1820 keV tra n s i­
t io n  lies above o r below. We conclude s im p ly  th a t the  1234 keV  tra n s it io n  links  
levels w ith  a A I  = 1 sp in  difference.
The 848 keV and 2206 keV transitions
In  th is  case, the  expe rim en ta l d a ta  favour a stre tched E 2 characte r fo r the  848 keV 
tra n s it io n  and a A I  = 1 sp in  d ifference fo r the  2206 keV  7 -ray. T he  weighted 
average o f the  estim ates fo r the  2206 keV  tra n s it io n  ob ta ined  g a tin g  fro m  below  
is DCO  =  0.544 ±  0.074. T h is  value in  no t com pa tib le  w ith  a A I  = 0 spin 
d ifference w ith  a confidence o f abo u t 99%, since also in  th is  case the  theo re tica l 
D C O  ra tio  fo r A I  =  0 is DCOth{AI = 0) >  0.77.
T he  expe rim en ta l D C O  ra tio  is com pa tib le  w ith  A I  = 1 , b u t fro m  the analysis 
o f the  b i-d im ens iona l a rc tg  5 versus a / J  p lo t (see figure  3.21) i t  is n o t possible to
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R in g  num ber 1 2 3 4 5 6 7
H (deg.) 72 . 81 99 108 123 129 133
R in g  num ber 8 9 10 1 1 12 13 14
6 (deg.) 137 141 146 149 155 157 163
T a b le  3 .8 : T he  6 angles in  w h ich  th e  detectors o f E U R O B A L L  were grouped, 
re s tr ic t the  range o f possible values o f S.
T h e  873  k e V  t r a n s i t io n
O n ly  one clean gate was found  fo r the  873 keV  tra n s it io n . I ts  expe rim en ta l D C O  
ra tio , DCO = 1.075 ±  0.150, is com pa tib le  w ith  a stre tched E2 character.
3 . 1 1  A n g u l a r  D i s t r i b u t i o n s
For the th e o ry  describ ing  the  in te n s ity  d is tr ib u t io n  o f y -rays  fro m  o rien ted  nuclear 
states we re fe r again to  [Stef75]. Here we w i l l  s im p ly  quote the  fin a l resu lt:
TV(<?)= £  Ba ( f t ) (7 ) Pa (cos (3.20)
A=even
where the  Pa (cos $ ) are the  Legendre p o lynom ia ls , B\(Ii)  are the  orientation 
parameters defined as:
5 a  ( f t )  =  (2 ft +  l ) 1/ 2/9o(ft) (3.21)
and the  7La(7) are angular distribution coefficients o f equa tion  3.9. I t  is cus­
to m a ry  to  p u t A \  in  the  fo llo w in g  fo rm , rem em bering  the  d e fin it io n  o f 5 (y ) =  
7 (7r', f t  +  1 ) / 7 (tt, L):
a f \ C \( f t ,  f t ,  ft/, f t )  +  26FX(L, L  +  1 , / / )  ti) +  <52C \(P  - f - 1, L  +  1 , I f,  f t )
= ------------------------------------------------ r r * ---------------------------------------------------
(3.22)
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1510 keV 66Ge, various gates
Angle (degrees)
F ig u r e  3 .2 2 : R a tios  between the  areas o f the  1510 keV  7 -ra y  in  66Ge in  co inc i­
dence w ith  d iffe ren t com b ina tions  o f trans itions .
Since the  B\(Ii)  param eters depend on a / J  th ro u g h  the  Po(/*) fa c to r, we ob ta in  
the  fo llo w in g  useful way o f p u tt in g  equation  3.20:
W ( 0 ) =  J 2  a x ( a / J ,  (5)P3 (cosi?) (3.23)
A=even
Expression 3.23 was used to  f i t  ou r angu la r d is tr ib u tio n  data .
3.11.1 E xperim ental technique
T ra d it io n a lly , angu la r d is tr ib u t io n  measurem ents are pe rfo rm ed  m ov ing  a single 
de tec to r to  a few angu la r pos itions, w ith  obvious lim ita t io n s  in  de tec tion  effi­
ciency. Such lim ita t io n s  can be overcome by using an a rray  o f detectors. In  th is  
case, m any angles can be measured a t the  same tim e , depend ing  on the geom etry 
o f the  array, and m any detectors are ava ilab le  a t each angle. Thus, a co rrection
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fo r the  d e tec tion  e ffic iency a t each angle is requ ired, as we w i l l  discuss la te r. 
A n o th e r bene fit o f us ing an a rra y  o f m any detectors is the  p o s s ib ility  to  select 
weak re ac tion  channels by g a tin g  on 7 -rays, p rov ided  th a t  the  gate is p u t over 
the w ho le  Air so lid  angle. T h is  can be proven, as shown in  [StefTS], by  in te g ra tin g  
equation  3.8 in  cpii $2, <#2 over the  w ho le  47r so lid  angle.
In  th e  case o f E U R O B A L L , the  C lover segments and the C lu s te r capsules can 
be grouped in to  14 sets, accord ing  to  th e ir  angu la r p o s itio n  •$, as sum m arized  in  
tab le  3.8. T he  num ber o f counts in  a lin e  a t energy P 7l w i l l  be:
N ^ )  =  NoP(0)e(ElU 0 ) fs(0) (3.24)
where N q is the  num ber o f e m itte d  pho tons, P ($ )  is the  sum  o f p o lyn o m ia ls  
defined by  equa tion  3.23, e{Ey 1 ,# )  is the  in tr in s ic  pho topeak e ffic iency a t energy 
Eyi and angle #  and /<,(#) is a geom etrica l fa c to r ta k in g  in to  cons ide ra tion  the 
geom etrica l coverage o f the  detectors. T he  in tr in s ic  pho topeak e ffic iency depends 
on the  angle D since d iffe re n t k in d  o f de tecto rs can be p o s itione d  a t d iffe ren t 
angles. I f  the  pho tons come fro m  non -o rien ted  states, such as in  the  decay o f a 
ra d ioac tive  source, then  P n0n-o r($ )  is a constan t and we can w rite :
P. /„Q\ A jn —beamC#) non-or»j )  /a 9c\
-Pin—beam(v) v  / <u , „ (3.25)
?7non—oi'V^J ^ 1+ 7, in—beam? DJ
N o tice  th a t  the  p ro p o r t io n a lity  ho lds also i f  the  area o f the  in -beam  peak is 
m easured in  a coincidence spectra  (w ith  a gate set on a ll the  angles ava ilab le ), 
since in  th is  case the  r.h.s. o f equa tion  3.24 is m u lt ip lie d  by the  constan t fa c to r 
£ ( ^ 7,gate)- T h is  also suggests th a t  the  s ta tis tic s  can be increm ented  by sum m ing  
various gates, m a k in g  i t  easier to  s tu d y  weak trans itions .
T h is  techn ique  was a tte m p te d  w ith  o u r data . For each de tec to r angle o f 
E U R O B A L L , a 7 -7  m a tr ix  w ith  co n d itio n s  on the detected l ig h t  pa rtic les  was 
construc ted , p u t t in g  011 the  f irs t  axis th e  detectors a t th a t g iven angle and on 
the  second axis the  rest o f E U R O B A L L , w h ich  ensures w ith  good a p p ro x im a tio n  
th a t the  gate is set on the  fu l l  47t  o f so lid  angle. T h is  can be checked com paring
CHAPTER 3. IN-BEAM STUDY OF THE 64 GE NUCLEUS 121
the  areas o f a same line  in  coincidence w ith  d iffe ren t gates, since the  ra tio s  should 
be a constan t fo r a g iven couple o f gates. T he  results in  our case are sa tis facto ry , 
see figu re  3.22  fo r the  1510 keV  y -ra y  (5 “  —> 4+ ) in  66Ge.
To check the  consistency o f the  m e thod , i t  was f irs t tr ie d  to  f i t  f irm ly  assigned 
tra n s itio n s  w ith  good s ta tis tics , such as the  1510 keV  and the  1217 keV  (4+ —> 2+ ) 
lines in  66Ge. However, the  techn ique  a p p a re n tly  fa iled , g iv in g  resu lts  n o t in  
agreem ent w ith  the  ones repo rted  in  th e  lite ra tu re  [Bhat98 ]. I t  was then  decided 
to  look  fo r an in te rn a l reference w ith in  the  data . T he  idea l cand ida te  w ou ld  
have been some intense isom eric s ta te  w ith  a mean life  o f r  «  100 ns. T h is  
w ou ld  be long  enough to  assume th a t the  s ta te  is no longer fu l ly  o rien ted  when i t  
decays b u t a t the  same tim e  sho rt enough to  fa ll w ith in  ou r p ro m p t coincidence 
w indow . U n fo rtu n a te ly , no such s trong  isom er was found in  the  reg ion in  the 
channels p opu la ted  v ia  evapo ra tio n  o f a  pa rtic les  and a d iffe re n t n o rm a liza tio n  
had to  be looked for.
F rom  equation  3.24 i t  fo llow s th a t:
> M - K r m b s  (3-26)
For a g iven tra n s it io n , we can also w rite :
E  f M  =  k  e  (3 -27)
where d is one o f the  angles o f ta b le  3.8. D iv id in g  m em ber-by-m em ber equa­
tions  3.26 and 3.27 and rem em bering  th a t f g{d) is a constan t depending on 
the  geom etry o f the  spectrom eter, and, v ia  equation  3.27, also YS-o p( ^ ( b\  o) 18 a 
constan t fo r a g iven tra n s it io n , one ob ta ins :
N(t i )
f , W  =  (3-28)
T h is  provides a way to  es tim a te  th e  geom etrica l factors fro m  the  in -beam  data , 
th a t  is fro m  the  areas o f peaks w ith  know n angu la r d is tr ib u tio n s . In  p rac tice , an
average over m any d iffe ren t c a lib ra tio n  tra n s itio n s  should be made to  m in im ize
the  errors.
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To check these assum ptions, the  expe rim en ta l geom etrica l facto rs  f g fo r a 
num ber o f lines were ex trac ted , us ing  m atrices  in  coincidence w ith  l a  and 2a  
partic les . T he  results are sum m arized  in  figure  3.23. T he  e x trac ted  factors, a t 
each angle, are, to  a good a p p ro x im a tio n , independent (w ith in  a few  percent) from  
the  y -ra y  used to  estim ate  them . T he  cond ition s  on the  detected pa rtic les  have 
l i t t le  in fluence on th e  geom etrica l fac to rs , as is ev ident fro m  figu re  3.24, where we 
com pare the  facto rs  extrac ted  fo r the  same lines b u t d iffe re n t cond ition s  on the 
detected partic les.
H av ing  a t d isposal the  geom etrica l fac to rs  f g, the  expe rim en ta l angu la r d is­
t r ib u t io n  were s im p ly  ex trac ted  as:
w ( , 9 )  =  u m Y  ( 3 '2 9 )
w ith :
w(J) =  a0 • (1 R A2(a/J, 8)P2(cost?) +  Afia /J , 8) PA(cos 6)) (3.30)
In  o rde r to  de te rm ine  8 and a / J  fo r  the  tra n s itio n s  o f in te res t, the  experim en ta l 
u /($ ) were f it te d  using the  M INUIT subrou tines  [cern95]. I t  shou ld  be noted th a t 
the  ex trac ted  geom etrica l values also depend on a / J , since the  reference angu la r 
d is tr ib u tio n s  depend on a /J .  Thereby, agreem ent was requ ired  between the  in p u t 
and th e  o u tp u t a / J  value.
3.11.2 Check w ith  know n transitions
O u r techn ique  fo r p e rfo rm in g  angu la r d is tr ib u tio n s  was checked us ing  p rev ious ly  
id e n tifie d  tra n s itio n s , w ith  good s ta tis tics . See fo r exam ple figu re  3.25, where 
we present the  resu lts  fo r the  1217keV  and the  1510 keV  y -rays  in  66Ge. Three 
tra n s itio n s  in  63G a were chosen fo r  n o rm a liza tio n , th a t is the  ones w ith  energies 
649 keV , 1077keV  and 1140keV . T h e  resu lts  fo r the  same tra n s it io n s  are sum ­
m arized  in  tab le  3.9. T he  good agreem ent w ith  the  ta b u la te d  values o f 8 [Bhat98] 
gives us confidence in  the q u a lity  o f the  m e thod , w h ich  was app lied  to  the  m ost 
intense tra n s itio n s  in  64Ge.
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Figure 3.23: G eom etrica l facto rs  ex trac ted  fro m  the  in -beam  m atrices in  co in ­
cidence w ith  l a  and 2a  (to p ) and w ith  la ,  l a l p ,  l a 2p (b o tto m ).
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F ig u r e  3 .2 4 : C om parison between the  geom etrica l facto rs  ex trac ted  from  the 
in -beam  m atrices  in  coincidence w ith  l a  and 2a  and w ith  la ,  l a l p ,  l a 2p.
3.11.3 R esu lts for G4Ge
In  th is  section we are go ing to  present in  d e ta il ou r angu la r d is tr ib u t io n  d a ta  fo r 
the  m ost intense tra n s itio n s  in  64Ge. The resu lts  are sum m arized in  tab le  3.10.
Even i f  the  spectra l q u a lity  o f the  d a ta  was good, the  lim ite d  s ta tis tic s  o ften 
ham pered the  v a lid ity  o f the  results. U n fo rtu n a te ly , in  general i t  was n o t possible 
to  increase the s ta tis tic s  by add ing  up gates, because o f the  co n ta m in a tio n  from  
o ther, h igher s ta tis tics , reaction  channels.
T h e  902  k e V  a n d  1151 k e V  t r a n s i t io n s
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Both transitions were fitted as stretched quadrupoles, respectively as 2 —> 0 and
4 —> 2. For the 902 keV line, the gate used was on the 1665 keV y-ray, while for
the 1151 keV the cleanest data were obtained gating on the 528 keV transition. In
C o m p a r is o n  -  6 6 G e  a n d  6 4 G e  m a tr ic e s
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1217 keV 66Ge (4 to 2), gate 521 keV
Angle (degrees)
1510 keV 66Ge (5 to 4), gate 521 keV
Angle (degrees)
Figure 3.25: Angular distribution data for the 1217keV (top) and the 1510keV
(bottom) 7-rays in 66Ge. The curves corresponding to the best fit values of a0,
o f  J  and j  are also sketched. See text for details.
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9 0 2  k e V  6 4 G e  (2  to  0 ) ,  g a t e  1 6 6 5  k e V
1 1 5 1  k e V  6 4 G e  (4  to  2 ) ,  g a te  5 2 8  k e V
Figure 3.26: Angular distribution data for the 902 keV (top) and the 1151 keV
(bottom) 7-rays in 64Ge. The curves corresponding to the best fit values of ao,
cr/J and 5 are also sketched. See text for details.
CHAPTER 3. IN-BEAM S T U D Y  OF THE 64 GE NUCLEUS 127
E nergy (keV ) 1217 1510
cr/J
8
do
x 2
8 ( lite ra tu re )
0.42 ± 0 .0 2  
-0 .0 0 8  ± 0 .0 11 
2151300 ±  13000 
± 0 .3 0  ± 0 .0 1  
( - 7 .8  ±  1.4) • 10“ 2 
1.13 
0.0
0.33 ± 0 .1 4  
-0 .0 2 1  ± 0 .0 0 9  
334800 ±  2300 
-0 .2 8  ± 0 .0 8  
( i - 0±g;g) ■ 1 0 - 4
1.77
-0.023+8;8gl
T a b le  3 .9 : Results fro m  angu la r d is tr ib u t io n  analysis fo r  the  1217keV  and the  
1510 keV  7 - rays in  66Ge.
b o th  cases useful resu lts  were ob ta ined , as shown in  figu re  3.26, thus  co n firm in g  
the  p rev ious ly  repo rted  s tre tched quad rupo le  character. In  the  case o f the  902 keV  
line , we forced 5 — 0 (as expected fo r a 2 -+  0 tra n s it io n ) a fte r an in i t ia l  a tte m p t 
w ith  110 constra in ts  on 5, w h ich  p roduced results co m pa tib le  w ith  zero b u t w ith  
a la rge unce rta in ty .
T h e  1665  k e V  t r a n s i t io n
As m entioned previously, i t  was considered m ost im p o r ta n t in  ou r analysis to  
de te rm ine  c lea rly  the  m u lt ip o la r ity  o f the  1665 keV  tra n s it io n . In  the  w ork  o f 
E nn is  and co-workers [Enn i91 ] a stre tched E l  character was assigned m a in ly  on 
the  basis o f system atics argum ents. However, the  e xpe rim en ta l se t-up used in  
th a t  w o rk  d id  n o t a llow  extensive angu la r d is tr ib u tio n s  measurem ents, no r d id  
i t  a llow  in fo rm a tio n  on the  p o la r iz a tio n  o f the  7 -ray. E nn is  et al. d a ta  set was 
equ iva len t to  w h a t was ob ta ine d  w ith  the  present D C O  ra t io  analysis, th a t  is 
o n ly  th e  a2 coeffic ient cou ld  be de te rm ined . T h is  does n o t f ix  th e  possible values 
o f 8.
I t  was clear fro m  the  D C O  analysis th a t the  1665 keV  7 -ra y  lin ks  states w ith  a
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E7 D C O a / J <5 a 2 A * P O L P O L *
528 1.02(5) 0.26(11) 0.07(8) 0.43 -0.054 + 0 .5 (3 ) +0 .50
677
747 1.3(4)
848 0.93(7) 0.20 0.08(5) 0.45 -0.038
873 1.07(11) 0.25(9) - 0.002(68) 0.32 -0.083
902 0.43(4) 0.0 0.46 -0.27 + 0 .7 (3 ) +0 .63
1048 0.53(17) -0 .8 (7 )
1090
1127 0.88(6) 0 .20 (6) -0 .04(4) 0.33 -0.16 + 0 .6 (3 ) +0 .50
1151 1 .20( 1 2 ) 0.4(2) + 0 .0 6 (1 ) 0.37 -0.054 + 0 .8 (4 ) +0 .63
1234 0.66(5) 0.36(15) q c + 3 . 4  —  O . 0 _ 2 . 4 -0.43 + 0 .14
1580
1665 0.64(5) 0.38 -3.912:1 -0.34 0.16 -0 .8 (5)
1820 0.97(8) 0.20(14) -0 .06(7) 0.29 -0.16
2068
2206 0.54(7) 0.33 -6 .4 ± i:2 -0.29 0.18
T a b le  3 .10 : Results fro m  the  D C O  ra tio , angu la r d is tr ib u t io n  and p o la r iza tio n  
analysis fo r the  tra n s it io n s  in  64Ge.
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A n g u la r D is trib u tio n  1665 keV
Gate on 528 keV, MINU1T fit
F ig u r e  3 .2 7 : A n g u la r d is tr ib u t io n  d a ta  fo r the  1665 keV  7 -ra y  in  64Ge. T he  
curves correspond ing to  the  best f i t  values o f a0, cr/J and 5 are also sketched fo r 
the  tw o  so lu tions  w ith  large and sm a ll m ix in g  ra tio . See te x t  fo r deta ils.
A I  = 1  sp in  difference, w h ich  was con firm ed by  the f irs t in spec tion  o f the  angu la r 
d is tr ib u t io n  da ta , ob ta ined  by  g a tin g  on the  528 keV  line  (figu re  3.27). T he  f i t  
was perfo rm ed assum ing a 5 —»■ 4 tra n s it io n  and f ix in g  a / J  to  th e  value assumed 
a fte r the  f irs t ite ra tio n . A  m in im u m  is found  fo r c r /J  =  0.38, <5 =  — 3 .9i§ ;4, w h ich  
was found  also in  the  D C O  analysis. A  second m in im u m  is found  fo r  a /  J  =  0.36, 
6 = —0 .09+0 .03 . As shown in  figure  3.28, the  la tte r  m in im u m  is s lig h tly  shallower 
th a n  the  fo rm er, hav ing  the  reduced x l  values 0.54 and 0.80 respective ly. No o the r 
m in im a  was found. T he  x 2 argum ents are n o t s trong  enough to  m ake a de fin ite  
assignm ent. T h is  was u lt im a te ly  made a fte r a p o la r iz a tio n  analysis and ta k in g  
again in to  cons ide ra tion  system atics argum ents. We w i l l  re tu rn  to  the  argum ent 
la te r, here we s im p ly  a n tic ip a te  th a t  the  so lu tio n  w ith  la rge 5 was chosen.
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Chi2 m in im a fo r 1665 keV
Fixed signva/J = 0.386, AO = 7077
arctg(delta)
F ig u r e  3 .28 : Values o f x 2 as a fu n c tio n  o f 8 fo r  fixed  values o f cr/J and Ao. 
T h e  528  lceV  a n d  1 1 2 7  k e V  t r a n s i t io n s
These tra n s itio n s  had also a lready been assigned a stre tched quadrupo le  character 
on the  basis o f the  D C O  analysis. T he  angu la r d is tr ib u t io n  analysis confirm s such 
an assignment (see figu re  3.29). T he  528 keV  y -ra y  was f it te d  as 7 —> 5, ga tin g  
on the  1151 keV  line ; fo r th e  1127 keV  tra n s it io n  the  gate was again p u t on the  
1151keV  y -ra y  and a 9 —»■ 7 decay was assumed.
T h e  1 2 3 4  k e V  t r a n s i t io n
T he  analysis o f the  tra n s it io n s  p laced h igh  in  e x c ita tio n  energy in  the  decay 
scheme was m ade d if f ic u lt ,  due to  the  lim ite d  s ta tis tics . In  the  case o f the  
1234 keV  y-ray, the  cleanest gate was the  1820 keV  tra n s it io n  (figure  3.30). A ga in , 
the  angu la r d is tr ib u t io n  analysis con firm s the  resu lts  ob ta ined  w ith  the  D C O  
analysis. T he  d a ta  are co m p a tib le  w ith  a A I  = 1  sp in  difference, w h ich  im p lies  a
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5 2 8  k e V  6 4 G e  (7  to  5 ) ,  g a t e  1 1 5 1  k e V
A n g le  ( d e g r e e s )
1 1 2 7  k e V  6 4 G e  (9  to  7 ) ,  g a t e  1 1 5 1  lceV
Figure 3.29: Angular distribution data for the 528 keV (top) and the 1127keV
(bottom) 7-rays in 64Ge. The curves corresponding to the best fit values of a0,
a / J  and 5 are also sketched. See text for details.
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1 2 3 4  k e V  6 4 G e  ( 1 0  to  9 ) ,  g a t e  1 8 2 0  k e V
A n g le  ( d e g r e e s )
2 2 0 6  k e V  6 4 G e  ( 1 0  to  9 ) ,  g a t e  5 2 8  k e V
Figure 3.30: Angular distribution data for the 1234 keV (top) and the 2206 keV
(bottom) 7-rays in 64Ge. The curves corresponding to the best fit values of a0,
cr/ J  and 5 are also sketched. See text for details.
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1 8 2 0  k e V  6 4 G e  ( 1 2  to  1 0 ) ,  g a t e  8 7 3  k e V
A n g le  ( d e g r e e s )
8 4 8  k e V  6 4 G e  ( 1 2  to  1 0 ) ,  g a t e  5 2 8  k e V
Figure 3.31: Angular distribution data for the 1820 keV (top) and the 848 keV
(bottom) 7-rays in 64Ge. The curves corresponding to the best fit values of a0,
cr/ J  and 6 are also sketched. See text for details.
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8 7 3  k e V  6 4 G e  ( 1 4  to  1 2 ) , g a te  1 6 6 5  k e V
F ig u r e  3 .32 : A n g u la r d is tr ib u t io n  d a ta  fo r the  873 keV  7 -ray  in  64Ge. T he  
curves correspond ing  to  the  best f i t  values o f a0, a / J  and 5 are also sketched fo r 
the  tw o  cases o f a 14 —» 12 decay (con tinuous line ) and 12 -7  12 decay (dashed 
line ). See te x t fo r de ta ils .
sp in  1 0 -7 -9  decay. Here the re  is bas ica lly  the  same a m b ig u ity  as in  the  case o f the  
1665 keV  tra n s it io n , th a t  is, the  f i t t in g  p ro g ra m  finds a m in im u m  a t 6 — —3.51^4 
and a s lig h tly  sha llow er m in im u m  a t 5 =  —0.14 +  0.06. T he  large 5 so lu tio n  is 
n o t w e ll de te rm ined , however we choose i t  us ing the  same argum ents as fo r the  
1665 keV  7 -ray.
T h e  2206  k e V  t r a n s i t io n
In  the  case o f th is  7 -ra y  the  s ta tis tics  are v e iy  low  (figure  3.30). F u rthe rm ore , the  
D C O  analysis suggests a A I  — 1  sp in  d ifference, w h ich  makes the  analysis even 
more com p lica ted , since the  m in im u m  in te n s ity  is expected a t the  angles where
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the  de tec tion  effic iency is lower, due to  the  sm a lle r num ber o f crysta ls . There fore , 
the  same considera tions m ade fo r the  1234 keV  tra n s it io n  ho ld  in  th is  case. T he  
cleanest gate a t 528 keV  lead to  la rge m ix in g , <5 =  — 6.4lg;g, w ith  a 10 —> 9 decay, 
b u t the  e rro r is p o o r ly  de te rm ined . F ix in g  cr/J, a shallower m in im u m  can be 
found  a t 5 =  —0.03 ±  0.06, however, we choose the  large m ix in g  so lu tio n  as in  
the  previous case.
T he 1820 keV  transition
In  th is  case, the  angu la r d is tr ib u t io n  analysis is consistent w ith  the  resu lt fro m  the  
D C O  analysis. G a tin g  on the  873 keV  y -ray , we o b ta in  d a ta  in  agreem ent w ith  a 
stre tched quadrupo le  (12 —>■ 10) character. T he  f i t  suggests 5 =  — O .O O j^9, w h ich  
is in  agreem ent w ith  the  expecta tions fo r a pure  stre tched quadrupo le . However, 
th e  d a ta  show large flu c tu a tio n s  due to  th e  lim ite d  s ta tis tic s  (see figu re  3.31) and 
a non-stre tched  tra n s it io n  w ith  m ix in g  8 «  0.6 cannot be excluded.
The 848 keV transition
T h is  y -ra y  shows characte ris tics  s im ila r  to  the  1820 keV  lin e  (see figure  3.31). 
A g a in  the  d a ta  (ob ta ined  g a tin g  on the  528 keV ) are com pa tib le  w ith  a 12  ->  10 
stre tched quad rupo le  decay, w ith  8 co m p a tib le  w ith  zero. T he  best f i t  gives 
8 =  0.0351q;J53, b u t in  th is  case a / J  is n o t w e ll de te rm ined . F ix in g  a / J  = 0.208 
we get 8 — 0.08lolo9- f ° r  the  1820keV  tra n s it io n , a 10 -+ 1 0  decay canno t be 
com p le te ly  ru le d  ou t.
T he 873 keV  transition
T he  same cons idera tions w h ich  were made fo r th e  1820 keV  and 848 keV  y-rays  
can be app lied  to  the  873 keV  line . G a tin g  on the  1665 keV  tra n s it io n , the  best 
f i t  is com pa tib le  w ith  a 14 -+  12 stre tched quadrupo le  decay, b u t a 12 —»■ 12 
tra n s it io n  canno t be ru led  o u t w ith  th e  cu rre n t d a ta  (see figu re  3.32). In  the
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Figure 3.33: C om parison between the s im u la ted  P o la riza tio n  S e n s itiv ity  fo r 
E U R O B A L L  and some expe rim en ta l po in ts .
14 —> 12 hypothesis one ob ta ins  6 =  —0.0 0 21^ 57, w h ile  in  th e  o th e r case the f i t  
gives 6 = 0.58lo;48-
3 . 1 2  P o l a r i z a t i o n  a n a l y s i s
One o f the  ways to  de te rm ine  the p a r ity  o f the  nuclear states invo lved  in  the 
em ission o f y -rays  is to  measure the  linea r p o la r iza tio n  o f the  e m itte d  photons. 
For low  Z  nucle i, th is  is o ften  the  o n ly  way to  do i t ,  since the  a lte rn a tive  measure­
m ent o f conversion electrons becomes im p ra c tica l a t large values o f the  em itte d
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p ho ton  energy, due to  the  reduced values o f the  conversion coeffic ients. The  m ea­
sure o f the  p o la r iz a tio n  is made possib le by  the  dependence o f the  K le in -N is h in a  
fo rm u la  fo r  the  C om p ton  sca tte rin g  on the  degree o f lin e a r p o la r iz a tio n  o f the  
pho ton  undergo ing  sca tte rin g  [K le i29 , H e it54 ]. T he  degree o f lin e a r p o la r iz a tio n  
can be evaluated by  com paring  the  sca tte rin g  in  tw o o rthogona l d irec tions.
T he  com posite  detectors o f E U R O B A L L  offer a un ique  p o la r iz a tio n  measure­
m ent ca p a b ility , us ing the  single segments as the  sca tte re r and th e  de tec to r as a 
w hole to  id e n tify  th e  7 -rays. I t  has been shown by R a ffi and co-workers th a t  the  
C lus te r de tectors can be used to  measure p o la r iz a tio n  [Garc95], b u t the  analysis is 
com p lica ted , since the  angles between the  segments are m u ltip le s  o f 60°, im p ly in g
th a t fo r  each detected sca tte rin g  one measures b o th  com ponents, p e rpend icu la r
and p a ra lle l. T hus, i t  is m uch easier to  use the  C lover detectors p os itione d  a round 
90°, w h ich  offer m ost n a tu ra lly  the  p o s s ib ility  o f id e n tify in g  the  pho tons scattered 
in  th e  tw o  d irec tions . E xp e rim e n ta lly , one measures a degree o f asym m etry :
< A l -  An
A  =  - r  r r  (3.31)
JVL +  iV || v '
w h ich  is re la ted  to  the  degree o f lin e a r p o la r iz a tio n  P  th ro u g h  a q u a n tity  called 
sensitivity o f the  p o la r im e te r Q :
P  =  ^  (3-32)
where Q is usua lly  eva luated by com pa ring  th e  expe rim en ta l asym m etries fo r 
know n tra n s it io n s  w ith  the  expected p o la r iz a tio n  values.
In  o rder to  measure the  degree o f lin e a r p o la r iza tio n  fo r weak tra n s itio n s , i t  is 
n o t possible to  use “ singles” spectra , b u t one has to  use coincidences between the  
detectors and p u t gates on o th e r lines. T hus, the  degree o f a sym m e try  ex trac ted  
fro m  the  d a ta  w i l l  depend n o t o n ly  on th e  p o la r iza tio n , b u t also on th e  tra n s it io n  
on w h ich  the  gate is p u t; in  o th e r w ords, one perfo rm s a Polarization Correlation 
from Oriented states (P C O ) analysis. As fo r  th e  D C O  analysis discussed earlie r, 
de ta ils  on the  fo rm a lism  can be fou n d  elsewhere [Stef75, G arc97, Dros99]. Here,
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we w i l l  o n ly  re m in d  th a t  the  degree o f lin e a r p o la r iza tio n  depends on the  m ix in g  
ra t io  5 o f the  tra n s it io n , thus  one shou ld  de te rm ine  j  and P  th ro u g h  a simul­
taneous f i t  o f the  angu la r d is tr ib u t io n  and p o la r iz a tio n  co rre la tio n  da ta . In  the  
case o f the  E U R O B A L L  geom etry  th is  is n o t so easy, since one has to  take in to  
cons ide ra tion  a large num ber o f ava ilab le  de tec to r pairs. A  p rog ram  to  ca lcu la te  
the  degree o f p o la r iz a tio n  co rre la tio n  fo r  the  geom etry o f E U R O B A L L  was devel­
oped by  A . Gadea a t IF IC  V a lenc ia  [GadeOO]. T he  p rogram  takes several m inu tes 
to  p e rfo rm  the  ca lcu la tio n  o f th e  p o la r iz a tio n  co rre la tion  fo r  a g iven co m b in a tio n  
o f in i t ia l  and fin a l sp in  (o f the  observed and o f the  ga tin g  tra n s it io n )  and fo r a 
va lue o f the  m ix in g  ra tio  8, thus i t  is im p ra c tic a l to  use i t  in  any f i t t in g  p rog ram  
based on y 2 m in im iz a tio n  rou tines . T he  com prom ise was chosen, to  de te rm ine  
J o n ly  th ro u g h  the  analysis o f the  a ngu la r d is tr ib u t io n  d a ta  and to  check i f  the  
p o la r iz a tio n  co rre la tio n  ca lcu la ted  fo r th a t  va lue o f 8 was in  reasonable agreem ent 
w ith  the e xpe rim en ta l value.
In  order to  re la te  the  expe rim en ta l asym m etries w ith  the  degree o f p o la riza ­
tio n , one has to  es tim a te  the  energy dependence o f the  p o la r iz a tio n  s e n s it iv ity  Q. 
As m en tioned  before, one possib le m e thod  to  evaluate the  p o la r iz a tio n  s e n s it iv ity  
is to  e x tra c t the  asym m etries fo r know n tra n s itio n s  and to  com pare them  w ith  the 
th e o re tica l values. T he  values o f Q thus ob ta ine d  can be in te rp o la te d  to  deduce 
the  s e n s it iv ity  value a t every energy va lue o f in te res t in  the  range o f the  reference 
tra n s itio n s . In  ou r case, i t  was decided instead  to  o b ta in  d ire c tly  the  values o f 
Q fro m  a M on te  C arlo  s im u la tio n , based on the  G E A N T  subrou tines  m od ified  
by R a ffi and co-workers to  inc lude  th e  effect o f the  lin e a r p o la r iz a tio n  [Garc97]. 
T he  re su lt is shown in  figure  3.33, w h ich  shows the  s im u la ted  curve toge the r w ith  
some expe rim en ta l values de te rm ined  as above, w ith  excellent agreem ent between 
s im u la tio n  and experim en t.
T he  expe rim en ta l da ta  were so rted  in  m atrices, p u tt in g  the  c lover da ta  cor­
respond ing  to  the  p e rp e n d icu la r (o r p a ra lle l)  sca tte ring  on one axis and the  rest 
o f E U R O B A L L  on the  o th e r one, w ith  the  requ ired  g a tin g  co n d itio n s  on the
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Dipole Polarization (spin 5 to spin 4)
arctg 8
F ig u r e  3 .3 4 : P o la riza tio n  as a fu n c tio n  o f the  m ix in g  ra t io  J fo r a 5 —>■ 4 
tra n s it io n  w ith  o r w ith o u t change o f p a r ity  between the states.
detected lig h t partic les. T he  results are sum m arized in  tab le  3.10, here we w ill 
concentra te  on the  1665 keV line.
R eca lling  th a t the  D C O  and angu la r d is tr ib u tio n  analysis established a 5 —> 4 
sp in  difference fo r the  1665 keV tra n s it io n , th is  rules o u t the  p o s s ib ility  o f a non­
stre tched 4 —> 4 decay. T he  m ost probab le  so lu tion  was a 5 —> 4 tra n s it io n  w ith  
a large 5 = — 3 .9 ^ ;4, b u t the  so lu tio n  w ith  sm a ll 8 = —0.09 ±  0.03 could no t be 
com p le te ly  excluded. In  figure  3.35 we com pare the p o la r iz a tio n  spectra  fo r the 
1510 keV  line  in  66Ge and fo r the  1665 keV  line  in  64Ge. The  angu la r d is tr ib u tio n  
resu lts ind ica tes th a t the  1510 keV  y -ra y  lin ks  a I  = 5 and a I  =  4 level and 
has a sm a ll m ix in g  ra tio , <5 =  —0.023i§;Jo8- W ith  the  E U R O B A L L  geom etry, one
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Energy (keV)
Energy (keV)
F ig u r e  3 .3 5 : P o la riza tio n  c o rre la tio n  spectra  fo r the  1510 keV  y -ra y  in  66Ge and 
fo r the  1665 keV  line  in  64Ge.
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w ou ld  expect a pos itive  a sym m e try  fo r  a stre tched e lec tric  d ip o le  tra n s it io n  w ith  
sm a ll 5, as shown by  figu re  3.34. W ith  o u r da ta , we o b ta in  a p o s itive  asym m etry, 
A  =  +0 .026  ±  0.007, lead ing  to  P  = + 0 .2 5  ±  0.05, in  good agreem ent w ith  the  
th e o re tica l expecta tions. T h e  s ta tis tic s  fo r 64Ge are tw o  orders o f m agn itude  
low er th a n  fo r 66Ge, lead ing  to  a s ig n if ic a n tly  la rge r re la tive  e rro r, th is  resu lts 
in  a negative  asym m etry, A = —0.09 ±  0.05, correspond ing  to  P  =  —0.8 ±  
0.5. A  negative asym m etry  is n o t expected fo r a stre tched E l  tra n s it io n  w ith  
sm a ll m ix in g  ra tio , and cou ld  correspond to  a stre tched M l  tra n s it io n  w ith  sm a ll 
m ix in g  ra t io  or to  a s tre tched E 1 /M 2  tra n s it io n  w ith  la rge m ix in g  ra tio . I t  
is n o t possib le  to  d isc r im in a te  c le a rly  between the  tw o  p o ss ib ilitie s , due to  the  
la rge u n c e rta in ty  on the  asym m etry . W e tend  to  prefer the  s o lu tio n  w ith  large 
5, w h ich  does im p ly  a change in  p a r ity , in  agreement w ith  th e  system atics o f 
the  l ig h t  even G e rm an ium  isotopes [H e rm 92 ], even i f  the  p o la r iz a tio n  d a ta  agree 
s lig h t ly  b e tte r w ith  the  sm a ll 5 so lu tio n . I t  should be n o ticed  th a t fo r a ll o f 
the  reference tra n s itio n s  and fo r a ll the  tra n s itio n s  w h ich  were analyzed in  64 Ge 
e xp e rim e n ta l degrees o f p o la r iz a tio n  were ob ta ined  w h ich  were in  agreem ent w ith  
the  expec ta tio n , g iv in g  confidence in  the  v a lid ity  o f the  ana lys is  and on the  choice 
fo r 5 in  the  case o f the  1665 keV  line .
C h a p t e r  4
L i f e t i m e  m e a s u r e m e n t  f o r  t h e
nucleus are presented, in  p a r t ic u la r  fo r  the  77r =  5 level a t 3718 keV  e xc ita tio n  
energy.
4 . 1  C h o i c e  o f  t h e  e x p e r i m e n t a l  m e t h o d
As m entioned  previously, the  e xpe rim en ta l d e te rm in a tio n  o f th e  life tim e  o f the
5“  level a t 3718 keV  e x c ita tio n  energy is an essential in g re d ie n t to  estim ate  the
am oun t o f isospin im p u r ity  in  the  64Ge nucleus.
L im its  on its  life tim e  were set by  ana lyz ing  the  set o f d a ta  fro m  th e  th ic k  ta rg e t
expe rim en t pe rfo rm ed in  Legnaro. T he  absence o f a d e fin ite  lineshape fo r the
\
1665 keV  lin e  suggested th a t the  life t im e  o f the 5“  level was longer th a n  the  tim e  
in  w h ich  the  recoils s topped in  the  ta rg e t, nam ely r  >  1 ps. O n  the  o th e r hand, an 
u ppe r l im i t  is set by the  observa tion  o f the  1665 keV  tra n s it io n  itse lf, in d ic a tin g  
th a t  the  photons, a lthoug h  delayed, are e m itte d  w ith in  the  coincidence tim e  
w in d o w  set by the  E U R O B A L L  d a ta  acqu is ition . T h is  ind ica tes  r  <  10 ns. Such 
l im its  range over various orders o f m a g n itude  and a m ore precise m easurem ent is
n u c l e u s
In  th is  chapter the  resu lts  o f the  expe rim en ta l life tim e  m easurem ent fo r the  64Ge
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F ig u r e  4 .1 : C om parison  between th e  p a r t ia l decay schemes o f th e  66Ge and 64Ge 
nucle i.
needed to  estim ate  the  am oun t o f isospin m ix in g .
A  p lunge r life tim e  m easurem ent, e x p lo it in g  the  R e co ilin g  D is tance D opp le r 
S h ift  (R D D S ) M e th o d  [A lle75 ], was considered o p tim a l to  e x tra c t the  life tim e  o f 
the  5“  level, on the  fo llo w in g  basis. C onsidering  the s im ila r ity  o f th e  64Ge decay 
scheme w ith  the  s truc tu res  observed in  the  lig h t even G e rm a n iu m  isotopes (see 
fo r  instance f ig u re 4.1), we can assume th a t  the  B (E 2, 7 4 7 keV ) is in  agreement 
w ith  the  system atics [H erm 92]. In  the  extrem e a p p ro x im a tio n , we can assume:
B ( E 2 , 7 4 7 keV , 64Ge) «  B ( E 2 , 886keV, 66Ge) =  0.4 W .u . (4.1)
Under this assumption, t5- «  65 ps, in the optimal range for a plunger experi­
ment. This holds also if B(E2, 747keV) ~  0.04 W.u. as suggested by the decreas­
ing B ( E 2,5“ -+ 3“) in the light even Germanium isotopes [Herm92], leading to
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r 5-  «  6.5 ps.
4 . 2  T h e  e x p e r i m e n t
A n  experim en t a im ed a t m easuring  life tim e s  in  th e  64Ge reg ion , and in  pa r­
t ic u la r  in  the  64Ge nucleus, was pe rfo rm ed  a t IReS S trasbou rg  using the  E U ­
R O B A L L  IV  a rray  coupled w ith  the  K o ln  p lunger device [Dewa98] to  e xp lo it 
the  R D D S  m ethod . A  good degree o f channel se le c tiv ity  was achieved by  cou­
p lin g  the  p lunge r device w ith  an ea rly  im p le m e n ta tio n  o f the  E U C L ID E S  S i-ba ll, 
composed o f 15 non-segm ented telescopes pos itioned  a t fo rw a rd  angles.
T he  reaction  chosen was th e  same as the  E U R O B A L L  I I I  experim en t, th a t 
is 32S (125M eV ) on 40Ca. I t  was n o t possible to  produce a se lf-suppo rtin g  40Ca 
ta rg e t w ith  th e  characte ris tics  needed fo r a p lunge r experim en t. In  these cases, 
the  ta rg e t fo il has to  be p e rfe c tly  stre tched on the  ta rg e t fram e, to  a llow  a precise 
m easurem ent o f the  ta rg e t-s to p p e r distance. For th is  reason, th e  1 m g /c m 2 th ic k  
40Ca ta rg e t was evapora ted on a 2 m g /c m 2 go ld  fo il, p ro v id in g  th e  necessary 
m echanica l s treng th . A  fu r th e r  0.2 m g /c m 2 go ld  layer was evaporated on the  
opposite  side, to  p ro te c t the  C a lc iu m  fo il d u r in g  the  p o s it io n in g  and the  s tre tch ing  
o f the  ta rge t. The  32S beam  was ex trac ted  fro m  the  V iv it r o n  accelerator a t an 
energy o f 137.5 M eV , in  a w ay th a t  th e  beam  energy a t the  beg inn ing  o f the  
ca lc ium  fo il w ou ld  be 125 M eV .
T he  ta rg e t-s to p p e r distances were chosen in  order to  span th e  10  ps-1  ns range. 
C ons ide ring  the  expected reco il ve loc ity , j3 «  4% (see nex t section), the  distances 
ranged fro m  2 /xm to  5.8 m m  (see ta b le  4.1). O n ly  e igh t d istances were measured, 
in  o rder to  co llec t su ffic ien t s ta tis tic s  a t each distance, on the  basis o f y ie ld  
estim ates ex tra p o la te d  fro m  the  Legnaro experim ent.
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D istance {pm) 2 100 300 600 1200 2400 4000 5800
T a b le  4 .1 : D istances a t w h ich  the  m easurem ent was perform ed.
4 . 3  D e t e r m i n a t i o n  o f  t h e  r e c o i l  v e l o c i t y
In  a p lunge r experim en t, i t  is v ita l to  de te rm ine  the  reco il ve loc ity , w h ich  gives the  
scale fa c to r between the  distances and the  tim e -o f-flig h t. F rom  s im ple  reaction  
k inem atics , we expected (3 — v/c  o f  the  order o f 4%.
In  order to  e x tra c t (3 fro m  the  expe rim en ta l da ta , we exam ined the  p ro jec tions  
o f sing le  detectors, lo o k in g  fo r know n  lines in  w h ich  the  sh ifted  (e m itte d  in - f lig h t)  
and the  stopped (e m itte d  by  com p le te ly  slowed-down nuc le i) com ponents w ou ld  
be v is ib le  w ith  enough s ta tis tic s . T he  energies o f the  sh ifted  E Sh  and o f the  
s topped Est  com ponen t are re la ted  in  f irs t a p p ro x im a tio n  by  the  w e ll-know n 
expression fo r the  D o p p le r effect:
E sh — E s t { 1 +  ft cos'd) (4-2)
where #  is the  angle between th e  d ire c tio n  o f the  re co ilin g  nucleus and the  d irec­
t io n  o f the  7 -ray, w h ich  can be app rox im a te d  by the  d ire c tio n  o f the  beam  and 
th e  d ire c tio n  o f the  7 -ra y  de tec to r.
T he  sh ifted  com ponen t o f the  lines cou ld  be safe ly id e n tifie d  o n ly  fo r low - 
energy 7 -rays, such as th e  190 keV  tra n s it io n  in  65G a (see figu re  4.2). F rom  those 
lines we cou ld  e x tra c t an exp e rim e n ta l value (see ta b le  4.2), ft «  2.75%, w h ich  
c lea rly  was n o t in  agreem ent w ith  the  expecta tions, even considering the energy 
loss o f beam  and recoils w ith in  the  ta rg e t. For h igher-energy lines, fo r instance 
the  9 5 7 keV  7 -ra y  in  66Ge (figure  4 .3), no sh ifted  com ponen t cou ld  be c lea rly  
id e n tifie d , however ve ry  b road  “ bum ps” were v is ib le , whose cen tro id  was in  the  
p o s itio n  correspond ing to  the  sh ifte d  com ponent fo r an average reco il ve lo c ity  in  
agreem ent w ith  the  one de te rm ined  fo r the  low -energy photons. T h is  suggests
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Cluster capsule #037
Energy (keV)
Tapered detector #018
Energy (keV)
F ig u r e  4 .2 : S h ifted  and stopped  com ponen t fo r  the  190 keV  lin e  in  65Ga, fo r a 
C lu s te r capsule a t 137° ( to p ) and fo r a Tapered de tec to r a t 34.6° (b o tto m ).
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F ig u r e  4 .3 : S h ifted  and stopped com ponent fo r th e  957 keV  line  in  66Ge.
th a t,  besides be ing  low er th a n  ou r expecta tions, the  ve lo c ity  d ispers ion was h igher 
th a n  expected. A  few  e lem enta ry  ca lcu la tions  (see ta b le  4.3) show th a t the  ta rg e t 
was p u t (by m is take) in  the  w rong  p o s itio n , th a t  is, w ith  the  th in  0.2 m g /c m 2 
gold  layer fac ing  the  beam  instead  o f the  2 m g /c m 2 one. N eg lec ting  the  th in  go ld  
layer, the  desired s itu a tio n  was one in  w h ich  the  32S beam  (w ith  an in it ia l energy 
o f 137.5 M eV ) crossed th e  2 m g /c m 2 go ld  layer, to  m ake a fus ion -evapora tion  
reaction  in  the  40Ca layer w ith  a p p ro x im a te ly  125 M e V  energy. T h e  in i t ia l  k in e tic  
energy o f the  recoils is:
E Rec =  EP ^ -------  (4.3)
77732 s  +  77740 C a
where Ep is the  energy o f the  p ro je c tile . Subsequently, the  64Ge residua l nu ­
cle i lose energy w ith in  the  ta rg e t, s ta r t in g  fro m  an in i t ia l  energy correspond ing 
bas ica lly  to  the  center-of-m ass k in e tic  energy. C ons ide ring  the  extrem e cases o f 
reactions occu rrin g  a t the  ve ry  beg inn ing  or a t the  ve ry  end o f the  ca lc ium  layer, 
we get a fin a l reco il ve lo c ity  (3 — 3.0% and (3 = 4.0%, w ith  an average ve lo c ity
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D e te c to r C # 0 3 7 C # 0 7 8 T # 0 1 8
d (degrees) 137.0 137.0 34.6
E sh (keV ) 185.57 186.37 194.49
E st (keV ) 189.19 190.07 190.50
f3(%) 2.62 2.66 2.80
T a b le  4 .2 : E xp e rim e n ta l es tim a te  o f the  fin a l reco il ve loc ity , fro m  the  p o s itio n  
o f the  sh ifted  and s topped com ponents o f the  190 keV  tra n s it io n  o f 65G a in  some 
o f the  ge rm an ium  counters.
/3 =  3.5% fo r reactions happen ing  in  the  m id d le  o f the  ca lc ium  layer.
Assum ing ins tead  th a t  a 137.5 M e V  32S beam  made a fus ion -evapo ra tion  in  
the  ca lc ium  layer and th a t  subsequently the  recoils cross the  ca lc ium  and th e  go ld  
fo ils , the  fin a l ve loc ities  fo r  reactions o ccu rring  a t the  ve ry  beg inn ing  or a t the  
ve ry  end o f the  ca lc ium  layer are respective ly  2.2% and 3.3%, and the  ve lo c ity  
fo r a reac tion  in  the  m id d le  o f the  ca lc ium  layer is (3 = 2.8%.
Since we have neglected th e  th in  go ld  layer in  th is  reasoning, these num bers 
are in  reasonable agreem ent w ith  the  expe rim en ta l estim ates. W e conclude th a t 
the  ta rg e t was in c o rre c tly  pos itione d  and th a t  the  reac tion  occurred a t 137.5 M e V  
beam  energy, m ean ing  th a t  the  p o p u la tio n  cross sections w ou ld  m ost lik e ly  d iffe r 
fro m  the  Legnaro experim ents.
4 . 4  A n  u n c o n v e n t i o n a l  m e t h o d  t o  m e a s u r e  l i f e ­
t i m e s
A t  th is  p o in t in  th e  analysis, i t  was clear th a t  the  s ta te -o f-th e -a rt techniques 
o f analysis o f p lunge r d a ta  [Dewa89] were n o t app licab le  in  th is  case, since fo r 
weak h igh-energy 7 - rays, such as the  ones in  64Ge, the  sh ifted  com ponent was
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Desired s itu a tio n :
R eaction  occu rring : B eg inn ing H a lf E nd
EP (M e V ) 125.0 119.0 113.0
E Rec (M e V ) 55.5 52.9 50.2
pRec (end ta rg e t) (M eV ) 27.0 37.9 50.2
n % ) 3.0 3.5 4.0
W rong  s itu a tio n :
R eaction  occu rring : B eg inn ing H a lf E nd
EP (M e V ) 137.5 131.5 125.5
E r&c (M e V ) 61.1 58.5 55.7
E Rec (end ta rg e t) (M eV ) 31.6 43.5 55.7
E Rec (end go ld ) (M eV ) 15.0 24.0 34.2
/? (% ) 2.2 2.8 3.3
T a b le  4 .3 : E s tim a tes  o f the  fin a l reco il ve lo c ity  fo r the  tw o cases o f ta rg e t 
pos itioned  in  the  p rope r and in  the  w rong  way. See te x t fo r deta ils .
n o t iden tifiab le . T h is  was a th e o re tica l d isadvantage, however, on the  o the r hand 
i t  opened up the  p o s s ib ility  o f a ra th e r unconven tiona l w ay o f h a n d lin g  ou r d a ta  
w h ich  is discussed in  th is  section.
F rom  the  angu la r d is tr ib u t io n  analysis, i t  was clear th a t  weak d ipo le  tra n s i­
tions  were the  m ost d if f ic u lt  to  study, since the  detectors pos itioned  a t the  angles 
fo r w h ich  the  s e n s it iv ity  to  the  m ix in g  ra t io  was the  h ighest (i.e. the  C lus te r 
detectors) were also th e  ones fo r w h ich  the  in te n s ity  was the  lowest. M easuring  
life tim es  o f d ipo le  tra n s it io n s  in  a p lunge r expe rim en t using E U R O B A L L , one 
has to  face a s im ila r  p rob lem , since the  separa tion  between the  sh ifted  and the  
stopped com ponents o f the  lin e  is again h ighest fo r  th e  C lus te r detectors. I t  w ou ld  
be h ig h ly  desirable to  use the  C lover detectors to  de te rm ine  life tim es , since in
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F ig u r e  4 .4 : C lo v e r/C lu s te r in te n s ity  ra t io  fo r the  521 keV  and the 1510 keV  
y-rays in  66Ge.
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the  case o f d ipo le  tra n s it io n  th e y  co llec t the  m a x im u m  in tens ity .
T h is  is n o rm a lly  n o t possible, since fo r detectors pos itioned  around 90° the  
sh ifted  and s topped com ponent have the  same energy. In  p rin c ip le , one cou ld  
deduce life tim es  fro m  the  detectors a round  90° by  fo llo w in g  the  e vo lu tion  o f the  
lineshape a t th e  va rious distances. In  the  cu rre n t w ork , however, fo r m ed ium - 
and h igh-energy lines, the  sh ifted  com ponen t is washed o u t in  the  background, 
because o f the  la rge v e lo c ity  d ispersion o f the  recoils. Thus i t  can be assumed 
th a t in  the  C lover spectra  o n ly  the  stopped com ponent survives and one can f i t  
its  in te n s ity  in  a tra d it io n a l way, as a fu n c tio n  o f the  d istance, w ith  the  B a tem an  
equations [K ra n 88]. T h is  is ju s tif ie d  by  th e  expe rim en ta l observation  (see fig ­
ure 4.4) th a t th e  decay curves defined by the  C lover and the  C lus te r spectra  are 
b as ica lly  the  same, or, in  o th e r term s, th a t the  C lo ve r/C lu s te r in te n s ity  ra t io  is 
a p p ro x im a te ly  a constan t. F rom  figu re  4.4 is clear th a t  the  C lo v e r/C lu s te r in te n ­
s ity  ra t io  is b e tte r  a p p rox im a te d  by a constan t value in  the  case o f the  1510 keV  
ra th e r th a n  in  th e  case o f the  521 keV  7 -ray, since in  the  fo rm e r case the  effect o f 
the  reso lu tion  o f the  ge rm an ium  counters a m p lify  the  effect o f the  d ispers ion o f 
the  reco il ve loc ity . T h is  gives confidence th a t i t  is possible, fo r instance, to  use 
the  C lover spectra  to  measure the  in te n s ity  o f th e  stopped com ponent in  the  case 
o f the  1665 keV  line .
We conclude th is  section  p o in tin g  o u t a fu r th e r  bene fit com ing  o u t o f the  
w rong  p o s itio n  o f the  ta rg e t: the  reduced reco il ve lo c ity  extends the  s e n s it iv ity  
o f the  m easurem ent tow ards long  life tim es . T h is  was q u ite  im p o r ta n t in  the  case 
o f 64Ge, cons idering  th a t  the  estim ates ob ta ine d  considering a B (M 2,1665 keV ) 
in  agreement w ith  the  ta b u la te d  s treng ths  o f [E ndt79 ] suggested a life tim e  o f the  
/ 7r =  5~ level o f the  o rde r o f a few  nanoseconds.
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Clover detectors, 2 micrometers
Clover detectors, 300 micrometers
F ig u r e  4 .5 : T he  1665 keV  lin e  in  64Ge in  C lover spectra, gated on the  902 keV  
and 1151 keV  tra n s itio n s , a t 2 pm  ( to p ) and 300 pm  (b o tto m ) ta rg e t-s to p p e r d is­
tances.
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Cluster detector Ring 2, 2 micrometers
Cluster detector Ring 2, 600 micrometers
F ig u r e  4 .6 : T he  1665 keV  line  in  64Ge in  C lus te r (R in g  2) spectra , gated on 
the  902 keV  and 1151 keV  tra n s itio n s , a t 2 pm  ( to p ) and 600 pm  (b o tto m ) ta rg e t- 
s topper distances.
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Lifetime 528 keV
distance (micrometers)
F igu re  4.7: Decay curve for the 528 keV 7 -ray deexciting the 7~ level in 64Ge.
4 . 5  T h e  a n a l y s i s
In a preliminary phase of the analysis, the germanium detectors were calibrated 
in energy using a standard 152Eu radioactive source. Using those calibration 
coefficients, an internal calibration was then performed, taking as a reference a 
few lines w ith a definite stopped component at all of the distances. Calibration 
coefficients were obtained for each run and for each germanium counter.
Using these last calibration coefficients, data were sorted into bi- and tr i­
dimensional arrays, w ith and w ithout conditions on the charged particles detected 
w ith EUCLIDES. However, i t  was soon realized that the impact of the plunger 
device on the detectors of EUCLIDES was not negligible. A t the large distances
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at which the experiment was performed, the plunger mechanics shadowed most 
of the telescopes, resulting in a detection efficiency for alpha particles lower than 
10%. This value was considered far too low to achieve a good channel selection, 
thus the decision was taken to ignore the data from EUCLIDES and to perform 
the rest of the analysis without any condition on the detected charged particles.
Matrices were produced, w ith the first axis corresponding to 7 -ray detectors 
at a given angfe and the second axis corresponding to the rest of EUROBALL. 
Most of the analysis was performed considering the Clover as a whole (positioned 
around 90°), a ring of 10 Cluster detector positioned at about 137° and a ring of 
5 Cluster detectors positioned at about 155°. Some sample spectra are presented 
in figures 4.5 and 4.6 to give an idea of the quality of the data.
4 . 5 . 1  T h e  I *  =  9 _  l e v e l
The highest spin level identified in this experiment is the T* =  9“  at 5400 keV 
excitation energy. This level deexcites via emission of a 7 -ray of 1127 keV. No 
further levels were identified in this experiment.
I t  was evident from the Cluster spectra that this level has a rather short 
lifetime. The 1127 keV 7 -ray already appears completely shifted at the 100 ^m  
distance, corresponding to a time-of-flight of approximately 10 ps. In the rest of 
the analysis we assumed that all of the levels above H  — 7~ have shorter lifetimes 
and essentially decay instantaneously to the I* =  7“  level at 4246 keV.
4 . 5 . 2  T h e  / 7r =  7~  l e v e l
Under the assumption that the decay path to the 7”  level at 4246 keV excitation 
energy is essentially instantaneous, the decay of the 7“  level is described by a 
simple one component exponential curve:
N( t )  =  N 0e~r (4.4)
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We can therefore assume that the intensity of the stopped component of the 
528 keV line deexciting the level follows the same exponential law:
N ST(d) = N0e~H (4.5)
I t  is necessary to normalize the experimental intensities at each distance to some 
quantity proportional to the number of reactions. A convenient normalization 
was found to be the area, in the projections of each matrix, of unshifted lines 
corresponding to relatively long lifetimes. In particular, the best results were 
obtained with the two lines at 158 keV and 214 keV, which show no visible shifted 
component up to 4000 fim distance.
I t  was not possible to use the second ring of 10 cluster detectors to determine 
the lifetime, because of the contamination arising from the shifted component 
of an intense line, close in energy to the 528 keV. Despite the lower statistics, 
the data from the ring of 5 cluster detectors are quite clean. Gate conditions 
were put on the 902 keV 2+ -> 0+ and on the 1151 keV 4+ -+ 2+ , summing the 
gated spectra together. For each of the spectra the area of the 528 keV peak 
was extracted, which was subsequently normalized to the area of the 214 keV 
transition. I t  is possible to measure the area of the 528 keV line using gated 
spectra because, experimentally, the transitions where the gate is put are emitted 
by stopped nuclei. Putting a gate on a transition w ith a measurable shifted 
component would affect the lifetime estimate i f  the shifted component were not 
included in the gate, since the fraction of photons entering the gate would also 
depend on the target-stopper distance.
We performed a fit of these data w ith the Bateman equations, using the 
MINUIT x 2 minimization subroutines [cem95]. In this case, the Bateman equa­
tions reduce to a mere exponential decay, w ith the possibility to include a non- 
negligible sidefeeding. The results do not change significantly treating the side- 
feeding as a free parameter or fixing it, which proves that in this case the sidefeed­
ing is negligible. The best fit (keeping the sidefeeding and the in itia l population
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Clover/Cluster comparison
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F igu re  4.8: Comparison of the decay data for the 1665 keV 7 -ray deexciting the 
5“  level in 64Ge, extracted from the clover and cluster.
as fixed parameters) is r  =  43 ±  8 ps, corresponding to a half-life t i / 2 =  30 ±  6 ps 
(see figure 4.7).
4 . 5 . 3  T h e  J 7r =  5 "  l e v e l
The P  =  5“  level at 3718 keV excitation energy is depopulated by three tran­
sitions, the most intense being a 1665 keV 7 -ray w ith probable strongly mixed 
E l / M2 character, and the others a weak 747 keV E2 transition and 1048 keV 
electric dipole transition. In the present set of plunger data only the 1665 keV 
7 -ray is visible, therefore the lifetime of the level has been extracted by the de­
cay curve of this transition. The areas of the 1665 keV peak were extracted, as 
in the case of the 528 keV line, from spectra double-gated on the 902 keV and
23(16) ps 
30(20) ps
• Clover data 
° Cluster data
I I  I I
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1151 keV transitions, and have been normalized to the area of the 158 keV 7 -ray. 
As shown in figure 4.8, the data from the cluster and clover detectors indicate 
a very similar trend. This enables us to deduce the lifetime of the level both 
from the clover and from the cluster spectra. The analysis program made a 
simultaneous fit of the 7~ —> 5-  -7 4+ cascade. I t  was possible to fit simulta­
neously the shifted and stopped components, but, as mentioned previously, only 
the stopped components were included in the fit. Possible sidefeedings for the 
7~ and 5~ levels were included in the fit. The intensities extracted from the 
thick target Legnaro experiment were 7(528) =  780 ±  25, 7(1665) =  567 ±  18, 
7(1048) =  130 ±  9, 7(747) =  89 +  6 (where 7(902) =  1000 by definition). Being 
7(1665) +  7(1048) +  7(747) =  786 ±  21, this justifies the assumption that the 
5~ level is populated only via the 7  decay of the 7“  level and any other direct 
population of the level is negligible, therefore its in itia l population was fixed to 
zero in the fit.
The lifetime of the 7“  level was treated in itia lly  as a free parameter and sub­
sequently, after checking that the two-level fit gave results in agreement w ith the 
one-level fit, i t  was fixed at r  =  43 ps as obtained before. Also the sidefeeding 
for the 5“  level was in itia lly  treated as a free parameter and subsequently, after 
checking that i t  was negligible, it  was fixed to zero. From the clover data we 
get r  — 23 ±  16 ps (figure 4.9). In the case of the cluster spectra, the statistics 
was lower and the contamination worse (see again figures 4.5, 4.6), therefore we 
had to discard the point at 1200 pm, obtaining a result in agreement w ith the 
clover data, but w ith a larger uncertainty, r  =  30 ±  20 ps. The small difference 
between the two estimates can be explained reminding that the angular distri­
bution for the 1665 keV transition is peaked at 90°, due to the stretched dipole 
character of the transition. The recoiling nuclei gradually lose their in itia l orien­
tation, thus reducing the asymmetry A  =  VF(90o)/kF(137o) at large values of the 
target-stopper distances. This means that the areas of the 1665 keV line mea­
sured w ith the Clover detectors are reduced with respect to the value which one
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Lifetime 1665 keV
distance (micrometers) 
Lifetime 1665 keV
distance (micrometers)
F ig u r e  4 .9 : Decay curve for the 1665 keV y-ray deexciting the 5 level in 64Ge, 
from the clover (top) and cluster (bottom) spectra.
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would measure without deorientation; an opposite effect occurs w ith the Cluster 
detectors. The global result is that the mean life of the 5“  level measured with 
the Clover detectors is shorter than that obtained w ith the Cluster detectors. In 
order to correct for this effect, one can simply make a weighted average of the 
two results, which in the present case gives r  =  26 ±  13 ps.
4 . 6  E x t r a c t i o n  o f  t h e  e x p e r i m e n t a l  s t r e n g t h s
Having at disposal the experimental lifetime of the 5“  level, we can calculate the 
B ( E l ) ,  B ( M 2) and B ( E 2) reduced matrix elements, which are basic parameters 
for any theoretical description of the nucleus.
To begin with, we recall the following expression for the partial decay proba­
b ility  P7(XL) of a given level [Lobn75]:
W - . - M  (4.»)
where is the intensity of the d decay channel. Considering the experimental 
situation for the 5“  level in 64Ge and the experimental intensities, we obtain:
P7(1665) -  (0.721 ±  0.029) r~ l =  (27.7 ±  13.9) • 109 s" 1 (4.7)
P7 (747) =  (0.113 ±0.008) t - 1 =  (4.3 ±  2.2) • 109 s-1  (4.8)
where we assumed r  = 26 ±  13 ps. Being:
P y (E l)=  =  (1.69 ±  0.93) • 109 s“ 1 (4.9)
Py(M 2)=  d A  = (26.1 ±  11.9) • 109 s_1 (4.10)
where we assumed 5 =  — 3.9 ±  0.6 and the errors were propagated w ith the usual 
formulas, the results for the 1665 keV transition are:
B{ET) =  6.288 • 10~16E.73P7 (E1) -  (2.29 ±  1.27) • 10~ 7 e2fm2 (4.11)
B{M2) =  7.381 • 10-8E - 5P7 (M2) =  (150 ±  80) ( ± - )  fm2 (4.12)
V ZjIyI'qC j
CHAPTER 4. LIFETIME MEASUREMENT FOR THE 64 GE NUCLEUS 161
corresponding to B (E  1) =  (2.26 ±  1.25) • 10~r W.u., B (M 2) =  5.7 ±  3.0 W.u.. 
Here it  should be pointed out that, starting from very similar values for the mean 
life of the U  =  5_ level, namely 32+3 ps in 66Ge and 23+13 ps in 64Ge, due to the 
extremely different values of the multipole mixing ratio (for the 1510 keV y-ray in 
66Ge, it  is 5 — —0.023jloloos), one obtains electric dipole strengths very different in 
the two cases, being B(E1, 5~ —> 4+ , 66Ge) =  (3.7±0.6)-10~6 W.u. [Herm92], As 
a consequence of the large value of the multipole mixing ratio, the present value 
of B(M 2) is quite large compared w ith the average strengths published in the 
compilation of [Endt79]. However, other transitions w ith large B (M 2) are known 
in this mass region, for example B(M 2, 59Cu, 2128 keV) =  1 .8 ij| i W.u. [Bagl93], 
B(M 2, 63Cu, 1179 keV) =  78 ±  16 W.u. [King91] and B{M2, 65Ga,750keV) =  
23 ig W .u . [Bhat93].
The values for the 747 keV transitions are instead:
B (E 2 ,747) =  8.161 • 10~10E " 5PT(E2) =  15.2 ±  6.92 e2fm4 (4.13)
corresponding to B (E 2) =  1.0+0.5 W.u., in good agreement w ith  the systematics 
of the light even germanium isotopes [Herm92, Bhat98].
C h a p t e r  5
D i s c u s s i o n  a n d  c o n c l u s i o n s
As shown in chapter 3, the decay scheme for 64Ge obtained in the present work 
in general confirms that of Ennis and co-workers [Enni91]. The main difference 
is a revised m ultipolarity assignment for the 1665 keV transition, which is now 
assigned a stretched electric dipole character w ith a large magnetic quadrupole 
admixture. The B ( E ly 1665 keV) and B(E2, 747 keV) strengths have been mea­
sured experimentally, as shown in chapter 4.
In this chapter, the discussion of section 1.6 w ill be expanded. In section 5.2, 
the problem of isospin mixing w ill be discussed, introducing a possible way of 
extracting the isospin mixing probability from the present data set. The result­
ing estimate is then compared w ith  various theoretical calculations published in 
the literature. Finally, in section 5.3 the perspectives of the present work are 
discussed.
5 . 1  T r i a x i a l i t y  a n d  o c t u p o l e  c o r r e l a t i o n s  i n  6 4 G e
There have been a number of previous works, suggesting a triaxia l shape for the 
ground-state of 64Ge. In axially-symmetric nuclei, i t  is possible to estimate the 
degree of deformation of the ground-state using a phenomenological formula in­
troduced first by Grodzins [Grod62]. As described in [Enni91], the predictions of
162
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w :OQ MeV
Figure 5.1: Calculated Total Routhian Surfaces for 64 Ge at the rotational fre­
quencies Tiuo =  0.0, 0.42, 0.64 MeV. Taken from [Enni91].
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this formula are in poor agreement w ith the experimental data for the even ger­
manium isotopes. I f  one assumes that 64Ge and the heavier germanium isotopes 
have a triaxial shape, there w ill be a considerable mixing between the P  =  2 f 
and the P  = 2 f levels, of the ground-state band and of the 7 -band respectively. 
This leads to a lowering of the 2 f  level and to a prediction of anomalously large 
P2 deformation.
According to the work of Davydov and Filippov [Davy58], the degree of tr i- 
axiality for a rigid rotor can be estimated from the following ratio:
B(E2-2+ 2+) 
B(S2; 2t-> Of) 1 ;
The results for 64Ge, deduced from the intensity branching ratios, suggest 7  =  
27°. The assumption of a rigid rotor is however not completely justified: in 64Ge, 
E (4 i) /E (2 i)  =  2.27, which is very close to the asymptotic value of 2.5 predicted 
for a 7 -soft nucleus. Further evidence pointing to a 7 -soft character can be 
obtained, as suggested by Zamfir and Casten [Zamf91], from the ratio 5(4, 3, 2) 
of the energies of the members of the 7 -band relative to the first excited state:
S(J. J  -  1. J  -  2) .  'E < J » -  E <J  -  f f l  - W  -  ■) -  E jJ  -  2)1 (5  2)
In the case of a rigid triaxia l rotor, S  =  +1.7 is predicted, while S  =  — 2 for a 
completely 7 -unstable rotor. Since the levels of the 7  band were not identified in 
the present work, one has s till to rely on the results of [Enni91], which suggest 
S  =  —1 .8 , indicating a large 7 -instability.
In a recent letter by Takami and co-workers [Taka98], fully-consistent mean- 
field calculations were performed, using a Skyrme-Hartree-Fock plus BCS method 
w ith a three-dimensional mesh representation [Bonc86]. These calculations pre­
dict a triaxial shape for the ground-state of 64Ge, w ith P2 = 0.27 and 7  =  25°. 
The calculations also considered the effect of a possible octupole deformation, 
which was found to be negligible (A3 =  P33 =  0 .0 1).
Ennis and co-workers [Enni91] performed Total Routhian Surfaces calcula­
tions based on a Woods-Saxon cranking model w ith pairing, in order to study
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N  =  Z  n u c l e i  i n  p f  — s h e l l
Z
F igu re  5.2: The m-scheme dimension of the M  — 0 and of the complete spaces 
for N  =  Z  nuclei in the p f shell. Taken from [Otsu99].
the effects of y-softness w ith angular momentum. These calculations, shown in 
figure 5.1, predict that 64Ge is almost completely y-unstable in its ground-state. 
The triaxial minimum stabilizes at /?2 ~  0.2 and y ps —30° at J  ps 2, 4, evolving 
at higher spins to a well-deformed prolate minimum with (32 ~  0.3 and y ps +15°. 
This is probably caused by the alignment of a pair of protons or neutrons in the 
g9/2 subshell, which has a particle character and exerts a strong shape-driving 
force.
I t  would be extremely interesting to compare the experimental data for 64Ge 
w ith detailed shell-model calculations. As discussed in [Otsu99], the very large 
m-scheme dimension of the M  =  0 space, which in this case is of the order of 
109, makes such calculations unfeasible at present (figure 5 .2).
A possible way of reducing the dimensions of the Hilbert space is to employ the 
Shell Model Monte Carlo technique introduced by Honma, Misuzaki and Otsuka 
[Honm96]. They performed also calculations for 64Ge, but could not reproduce 
any of the negative-parity states, since the unique-parity g9/ 2 orbital was not
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included in their model space. They assumed 40Ca as a core, and 24 valence 
particles in the f7/2, P3/2, P1/2 and f5/ 2 orbitals. The average occupation number 
for the f7/ 2 orbital was 15.1, suggesting that this orbital has s till an active role 
and should be included in the model space.
An alternative way of reducing the dimensions of the H ilbert space is to use 
the Interacting Boson Approximation originally developed by Arima and Iachello 
[Arim76]. Many theoretical works on the nuclei of this mass region can be found 
in the literature, for example see the papers by E llio tt [E1H96], Joubert [Joub94], 
Hsieh [Hsie92], Chuu [Chuu93], Yoshida and Arima [Yoshi85], and Sahu and 
Pandya [Sahu92].
The paper by Sahu and Pandya is specifically devoted to the analysis of the 
observed bands in 64Ge. Although using axially-symmetric wavefunctions, they 
obtain a fair agreement w ith the experimental data for positive- and negative- 
parity states, w ith the notable exception of the P  =  3“  state (figure5.3). On 
the other hand, the present experimental result of B(E2, 5“  —> 3“ ) ps IW .11., 
in agreement w ith the systematics of the light germanium isotopes [Herm92], 
suggests that the 3“  and the 5~ levels have quite different structures. Such an 
hypothesis is supported by earlier calculations by Petrovici and Faessler for the 
heavier even germanium isotopes [Petr83], indicating a diverging structure for 
the 3“  and the 5“  levels w ith reducing neutron number. Following the discussion 
by Ennis and co-workers, Sahu and Pandya point out that their calculations pro­
duce a 3“  and a 5“  level almost degenerate in energy. Thus, they suggest that a 
slight change in the parameters of the interaction could bring the 3“  above the 
5” , making it  non-yrast and thus weakly populated in a fusion-evaporation reac­
tion. The nature of the experimentally observed 3~ level would be different from 
the rest of the negative-parity band, possibly arising from a collective octupole 
vibration.
Octupole collectivity originates from the interaction between the unique parity 
orbit in a major shell and the common parity orbit having both I and j  3 Ti units
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bands in 64Ge, for the positive-parity (a) and the negative-parity (b) states. 
The quantities near the arrows represent the B(E2) values in Weisskopf units. 
Modified from [Sahu92].
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F igure  5.4: Total energy surface in the (/32, f t )  plane for 64Ge obtained w ith 
a Woods-Saxon model including pairing. A t each (32 and (3% the energy was 
minimized with respect to /?4 and f35. The contour lines are 250 keV apart. Taken 
from [Naza90].
less than the unique parity orbit. In the 64Ge region, octupole collectivity is 
expected to arise from the interaction of the g9/ 2 and the p3/ 2 orbits. The effect 
is expected to be particularly intense in this mass region, since valence protons 
and neutrons occupy the same orbitals. According to Nazarewicz [Naza90], the 
large energy separation of the two orbits should reduce the effects of octupole 
instability.
The Potential Energy Surface plot for 64Ge calculated by Nazarewicz [Naza90] 
(figure 5.4) shows a pronounced softness in the octupole deformation for both the 
oblate and the prolate minima. The P  =  3 ^  level is an obvious candidate for 
an octupole excitation, however the nature of this level is presently not yet well 
understood. I t  is possibly an admixture of a pure collective excitation and of 
a two-quasiparticle excitation coupled to the core, as suggested by Ennis and
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co-workers [Enni91]. As a possible signature of this, they suggest to employ the 
parameter 5E(J) introduced by Cottle and co-workers [Cott89]:
5 E (J )  =  E { J, tt =  - )  -  E { J  -  3, tt =  + )  -  E ( 3“ ) (5.3)
In the ideal case of an aligned octupole phonon and of identical core moments 
of inertia for the ground-state and for the negative-parity bands, 5E (J ) should 
be zero. The criterion is not expected to be valid in systems where the single­
particle and the collective degrees of freedom are strongly coupled. In the case 
of 64Ge, 5(5) =  —154 keV, 5(7) =  —776 keV, indicating a dramatic lowering of 
the negative-parity band that can not be well understood in terms of either pure 
collective excitations, nor in terms of pure two-quasiparticle excitations coupled 
to the core. In the present set of data, no direct 3 A) —> o+ transition was 
identified, and the lifetime of the 3 “^  ^ level was not measured. A  measurement 
of the 3 A) decay branching ratio to the ground state and of B (E 3; 3“  - 7  0+), 
together w ith a clear m ultipolarity assignment, would help greatly in addressing 
the question of the collectivity of the negative-parity states.
5 . 2  I s o s p i n  m i x i n g
In this section, we w ill try  to obtain an estimate for the degree of isospin mixing 
induced b}^  the Coulomb interaction in 64Ge. I t  is the author’s feeling that the 
concept of isospin mixing probability has not always been correctly interpreted 
in the past, thus a brief review of the useful equations describing the mixing of 
two levels w ill be given. Subsequently, the theoretical expectations found in the 
literature w ill be presented, and an estimate of the isospin mixing probability 
based on the experimental data obtained in the present work w ill be given.
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5 . 2 . 1  T w o - l e v e l  m i x i n g
Let us assume here, as for example discussed in [Cast90], that two states, labelled 
1 and 2 , are mixed by a generic interaction V , E\ and E2 being the unperturbed 
energies and 4>\, 2 the unperturbed wavefunctions. Having defined the mixing
matrix element:
V = (<h\v\<h) (5.4)
the final energies and wavefunctions are obtained by diagonalizing a 2 x 2 matrix, 
which has the following form in the basis of the unperturbed states:
Defining the ratio R:
R  =
^ v E 2 j  
| E i  — E 21 A E ?J
v v
the energies of the mixed states, which w ill be labelled I , I I ,  are:
(5.5)
(5.6)
(5.7)
Thus, each state is shifted by an amount which is, in units of A Eu, independent 
of the in itia l unperturbed energies:
|A E S| =
A  E u
1 + R 2
1 (5.8)
The mixed wavefunctions fii, ijin are:
h i  =  P h i  +  ^<p2 
h n  =  - a h i  +  P<fo
(5.9)
(5.10)
with c? +  j32 =  1 and a  given by the following expression:
a
'1 + f  +  \ A V f
(5.11)
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5 . 2 . 2  T h e o r e t i c a l  e s t i m a t e s
Many authors in the past have provided a theoretical estimate for the isospin 
mixing probability in N  ^  Z  nuclei. The problem has been debated since long, see 
for instance the paper by W.M. MacDonald [MacD55] where the amount of isospin 
impurity is calculated for light N  «  Z  nuclei. Here it  should be stressed once 
again that measuring the isospin mixing probability corresponds to measuring 
the coefficient a  of equations 5.10 and 5.11. The probability itself, however, is 
not the amplitude a, but the square of the same coefficient, i.e. P  — a 2. We w ill 
not enter into details, referring to the original publications, but rather simply 
quote the main results.
The model to which the other calculations typically refer was developed by 
Bohr and Mottelson [Bohr69] and is known as the hydrodynamical model. Recog­
nizing that the Coulomb interaction acts to polarize the nucleus and that there 
are forces (such as the pairing interaction) counteracting this tendency, the ex­
citations associated w ith the nuclear polarization are described as normal modes 
of oscillation similar to those in a liquid drop consisting of two fluids. Assuming 
that the charge of the protons is distributed uniformly inside the nucleus, the 
final result for the isospin mixing probability is:
dency. In the case of 64Ge, the model predicts a2 = 0.5%.
Colo and co-workers [Colo95] suggest a different way of evaluating the isospin 
mixing probability, where the energy-weighted sum rule for isovector monopole 
excitations is considered. In this case the final result is:
P (T  =  1) =  3.50 • 10~7Z 2A* (5.12)
For the special case of an N  — Z  nucleus, A — 2Z and one obtains a Z* depen-
(5.13)
For N  =  Z  nuclei, one again obtains a Z* dependency. In the case of 64Ge, the 
model predicts a 2 =  1.34%.
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z
F igu re  5.5: Isospin mixing probabilities calculated using the Hartree-Fock ap­
proximation w ith a Skyrme I I I  interaction, for deformed solutions (solid squares) 
and for spherical shapes (open circles). The dotted curve shows the predictions 
of the hydrodynamical model of Bohr and Mottelson. Taken from [Doba95].
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Many authors, for instance Colo and co-workers [Colo95], Hamamoto and 
Sagawa [Hama93], Sagawa [Saga95], Dobaczewski and Hamamoto [Doba95], have 
extracted the isospin mixing probability through self-consistent Hartree-Fock or 
Random Phase Approximation calculations w ith Skyrme-type forces. In all cases, 
their estimates for the isospin mixing probability are systematically 2-3 times 
higher than the hydro dynamical estimate. Here the results from Dobaczewski 
and Hamamoto are quoted (figure 5.5), which imposed a deformed shape for the 
nuclei, in agreement w ith previous estimates and w ith the experimental results 
known at the time. Imposing a spherical shape, the result for 64Ge is a 2 — 2.4%, 
while allowing the nucleus to assume a deformed shape the result is a 2 =  1 .6%.
5 . 2 . 3  D i r e c t  e v a l u a t i o n  o f  t h e  C o u l o m b  m a t r i x  e le m e n t
In this section the isospin mixing probability w ill be estimated w ith the technique 
proposed by B.A. Brown [Brow82] to extract the Coulomb m atrix element from 
experimental binding energies, using a one-particle-one-hole model. Remember­
ing the expressions for the mixing of two levels, this corresponds to evaluating 
the isospin mixing probability i f  the energy distance between the unperturbed 
T  = 0 and T  = 1 states can be estimated.
The single-particle energies for particles and holes can be extracted from:
where E  is the opposite of the binding energy, that is E  = —B E . The binding 
energies taken from the last compilation of G. Audi and A.H.Wapstra [Audi95] 
are presented in table 5.1. These are experimental values, save for 63Ge and 64As 
which at present have not been measured. The following single-particle energies 
are obtained:
(5.14)
(5.15)
e(7rjp) — 0.080 MeV
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e(ujp) =  -10.057 MeV 
e(7rJ/i) — —5.024 MeV 
e{vjh) =  -15.586 MeV
The strong isospin-conserving (T*-independent) particle-hole m atrix element 
(Vs) can be deduced from one of the following expressions:
E (64As, J, T  =  1) =  e(irjp) -  t{vjh E (64Ge g.s.) +  <VS> (5.16) 
E (64Ga, J ,T  — 1) = t(v jv) — £{icjh) + E (64Ge g.s.) +  (Vs) (5.17)
The excited states of 64As are not known at present, thus one can estimate {Vs) 
only from the 64Ga data (equation 5.17). In 64Ga, the 4+ state lies at 538 keV 
and the 5“  at 1843 keV excitation energy [Sing96], thus:
£ ( 64Ga, 4+, T  =  1) =  -550.607 MeV 
E (64Ga, 5", T  =  1) -  -549.302 MeV
The m atrix elements thus obtained are (Vs(4+)) =  380 keV and (Vs(5- )) =  
1685 keV for the 4+ and 5“  states, respectively.
The Coulomb particle-hole m atrix element between two protons (Vc) can be 
obtained from the following expression:
£ f 4Ge, J, T  =  1) =  £ ( 64Ge g.s.) +  <VS) +
+  \ [ ^ h )  -  e(»ih) +  e{vjp) -  e{njh)] (5.18)
I t  is therefore necessary to determine the position of the T  — 1 states in 64Ge. To 
this end, one should compare the masses of 64Ga, 64Ge and 64As, after correcting 
for the effects of the Coulomb interaction, namely the proton-neutron mass dif­
ference and the different interaction energy of the protons inside the nuclei. I t  is 
A mpn = (mp — mn) • c2 =  —1.293 MeV; in order to compare the mass of 64Ga or of 
64As w ith the mass of the N  =  Z  isobar 64Ge, one must first add (Z — N )A m pn/2  
to the binding energies. The Coulomb interaction energy E q of the protons can
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Nucleus B E  (MeV)
63 Ga 540.930 experimental
63Ge 530.368 extrapolated
64Ga 551.146 experimental
64Ge 545.954 experimental
64 As 530.268 extrapolated
65 Ge 556.011 experimental
65 As 545.874 experimental
Table 5.1: Experimental and extrapolated binding energies in the 64Ge mass 
region. Taken from [Audi95].
be evaluated as the interaction energy of an uniformly charged sphere, obtaining 
the following expression:
B e = - a c ^ L / 1  (5.19)
Taking etc =  0.720 MeV, the final values for B E  — E c  R  (Z  — N )A m pn/2  are 
719.538 MeV, 724.514MeV and 719.055 MeV for 64Ga, 64Ge and 64As respec­
tively. Averaging, the lowest T  — 1 state in 64Ge is estimated to lie at 5.218 MeV 
excitation energy. The excitation energies of the T  — I levels in 64Ge are there­
fore:
E *  (64Ge, 4+ , T  =  1) =  5.756 MeV 
E *(64Ge, 5“ , T  =  l )  =  7.060 MeV
This implies:
A E U(4+) =  E *(64Ge, 4+ , T  =  1 ) -  E *(64Ge, 4+, T  =  0) »  3.703 MeV 
A E U(5~) =  E *(64Ge, 5~, T  =  1) — E *(64Ge, 5~, T  =  0) »  3.343MeV
Using equation 5.18, one obtains values in agreement for the 4+ and the 5“  
levels, (Vc(4+))) =  119 keV and (Vc(5- ))) =  117keV respectively.
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Finally, the off-diagonal m atrix element can be deduced from:
A d  =  [e(7rjp) -  f-(ujv)\ -  [e(7r -  <f("J/i)]
(J; T  =  0|VC|J; T  = 1) =  —§(A d  +  <VC))
(5.20)
(5.21)
The results are again in good agreement for the 4+ and the 5 levels, v± =
(4+ ; T  =  0|VC|4+ ; T  =  1) =  1 5 3keV, v5 =  (5~; T  =  0 |V b |5 “ ; T  =  1) =  154keV.
Applying the expressions for the two-level mixing, which were presented in sec­
tion 5.2.1, one obtains a  =  0.041 and a — 0.046 for the 4+ and the 5“  levels 
respectively. The isospin mixing probabilities in the two cases are a 2 = 0.17%, 
a 2 =  0.21%, of the order of magnitude of the hydrodynamical estimate of Bohr 
and Mottelson [Bohr69]. I t  should be observed that in the work of Ennis and co­
workers, (J; T  =  0|Vb|«7; T  =  1) «  200keV is estimated from the experimental 
data available at the time. W ith  an estimated gap of about 3 MeV between the 
unperturbed T  =  0 and T  — 1 states, a — 0.06 was obtained, which was quoted 
incorrectly as a probability. In their case, the isospin mixing probability should 
have been quoted as a 2 «  0.44%, of the order of the present estimate.
5 . 2 . 4  E s t i m a t e  o f  t h e  i s o s p i n  m i x i n g  p r o b a b i l i t y
Having determined the electric dipole strength B (E 1 , 1665 keV) in 64Ge, one 
would try  to relate it  to the isospin mixing probability. In principle, one should 
calculate the reduced transition matrix elements of the electric dipole operator 
for 64Ge, requiring a detailed knowledge of the nuclear wavefunctions. This is not 
feasible at present: as discussed in section 5.1, detailed calculations for 64Ge using 
a fu ll fpg space are beyond the present computational capabilities when using 
conventional shell model techniques; at the knowledge of the author, no results for 
the negative-parity states o f64Ge are published in the works of Honma, Misuzaki 
and Otsuka [Honm96, Otsu99] using Shell Model Monte Carlo Techniques. For 
these reasons, at present one can only extract the isospin mixing probability in 
a model-dependent way. For example, one could follow the recipe used by Ennis
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and co-workers in the erratum to the original paper [Enni91]. The non-zero 
electric dipole strength in 64Ge originates from two contributions, namely a T  =  
5~, T  =  0 -+ I* =  4+ , T  =  1 decay and a I n =  5“ , T  =  1 -+ J7r — 4+, T  — 0 
decay, acting independently. Assuming that each of the contributions provides a 
strength of the order of a 2B ( E  1, non — forbidden), i t  is:
£ (E 1 , 64Ge) =  2 a 2B ( E l ,  non — forbidden) (5.22)
Ennis and co-workers assumed B (E l, non — forbidden) =  10~4 W.u. from an 
average of the strengths of allowed E l  transitions for the nuclei in that mass 
region. An experimental evaluation of the E l  strength in 64Ge was not available. 
Ennis and co-workers assumed an extreme sim ilarity in the structures of 64Ge 
and 66Ge, implying:
E (E 2 , 747keV, 64Ge) *  E (E 2 , 886 keV, 66Ge) =  0.4 W.u. (5.23)
They obtained B (E 1 , 64Ge) «  2.4-10“ 6 W.u., leading to a 2 — 1 .2%. I t  should be 
noted that in the erratum, a 2 was mistaken as an amplitude when the Coulomb 
m atrix element is extracted (a value of a 2 = 0.012 corresponds to a matrix 
element of about 330keV and not of 36keV as quoted). Applying the same 
formula to the experimental data in the current work one obtains a 2 =  0 .12%, 
four times lower than the hydrodynamical estimate and one order of magnitude 
lower than the other theoretical estimates.
Expression 5.22 is extremely simplified: it  does not consider the proper vector 
coupling coefficients for the isospin and the assumption for the non-forbidden 
electric dipole strength is in any case questionable. A similar recipe to evaluate 
the isospin mixing probability is suggested by the extreme sim ilarity of the decay 
schemes of 64Ge and 66Ge, which has been pointed out previously (see again 
figure 4.1). I f  one assumes that such a sim ilarity reflects an extreme sim ilarity 
between the underlying microscopic structure of the states in 64Ge and 66Ge, the 
difference between B(E1, 64Ge) and B (E 1 , 66Ge) is due to the isospin selection
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rules. An isospin hindrance factor can be calculated, depending on the isospin 
mixing probability and on the vector coupling coefficients for the states involved 
in the transition. In the rest of the subsection, an expression for this hindrance 
factor is derived, in an attempt to extract the isospin mixing probability from 
the present data set.
Recalling the definition of B ( E l ) \
B ( E l ,  i - + f )  =  _ L _ | ( / | | e ( i ? l ) | H > | 2 (5.24)
where 0(E 1) is the electric dipole operator, i t  is clear that the electric dipole 
transition matrix elements should be evaluated for the present case. The observed 
states in 64 Ge are the linear superposition of states w ith good isospin:
|4+; 64Ge> =  (5.25)
=  a'4|64Ge; 4+ ; T  =  1, Tz =  0) +  f t | 64Ge; 4+; T  =  0, Tz = 0)
|5“ ; 64Ge) =  (5.26)
=  a5 |64Ge; 5~; T  =  1 , Tz =  0) +  f t | 64Ge; 5~; T  =  0, Tz =  0)
where a f +  f t  =  a f +  f t  =  1. Using the fact that the T  =  0 -+ T  =  0 and 
T = l - y T  =  l E l  m atrix elements vanish in the case of 64Ge, the E l  matrix 
element can be written as:
(4+; 64G e||0 (E l)||5_ ; 64Ge) =  (5.27)
=  a l l %<64Ge; 4+; T = 1 , T Z = O |0 (E l)|64Ge; 5~; T  = 0 , Tz =  0) +
+/J4*a5(64Ge; 4+ ; T  =  0, Tz =  0 |© (E l)|64Ge; 5” ; T  = 1 , Tz =  0)
Applying the Wigner-Eckhart theorem (equation 1.29) one obtains:
(64Ge; 4+; T  =  1 , Tz = O |0 (E l)|64Ge; 5“ ; T  =  0, Tz =  0) =
=  — b ( S4Ge; 4+ ; T  = l | |0 (E l) | |64Ge; 5“ ; T  =  0} (5.28)
V3
and:
(64Ge; 4+ ; T  = 0 , T z = O |0 (E l)|64Ge; 5“ ; T  =  1, Tz =  0) =
=  — L(64Ge, 4+. T  =  0 | | e ( E l ) | | M Ge; 5“ ; T  =  1) (5.29)
v 3
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where the matrix elements on the r.h.s. do not contain any further explicit 
dependence on the th ird component of the isospin.
In the case of 66Ge, one should consider, in principle, the mixing of the low- 
lying T  =  1, Tz — 1 states w ith the T  =  2 , Tz =  1 states lying higher in energy. 
However, the 5“  —» 4+ electric dipole transition is dominated by an allowed 
component T  =  1, Tz = 1 —> T  = 1, Tz =  1, thus it  is w ith good approximation:
(4+; 66G e||0(E l)||5~; 66Ge) =
=  4 = ( 66Ge; 4+; X  =  l||0 ( .E l) | |66Ge; 5~; 1) (5.30)
V  2
where the Wigner-Eckhart theorem has been applied. From equations 5.28, 5.29 
and 5.30 one obtains directly the ratio between B (E 1 ,  64Ge) and B ( E 1 } 66Ge): 
B ( E l ,  MGe) |(MGe; 4+ H 0(S l)||MGe; 5~ ) |2
B (E 1 ,  66Ge) |(66Ge; 4+|[0(.E l)||'i<iGe; 5" ) | 2 1 7
=  b 66Ge; 4+; T  = l||© (.E l)||6eGe; 5” ; T  =  1) |~ 2 x
o
x | a : f t f 4Ge; 4+; X  =  l | |0 (S l) | | 64Ge; 5“ ; T  0) +  
+/?4*a5(6“ Ge; 4+; T  =  0 ||© (£;i)||64Ge; 5"; T  =  1 ) |2
In order to simplify equation 5.31, the following assumptions are proposed:
1. The three matrix elements on the r.h.s. of equations 5.28, 5.29 and 5.30 are 
equal between each other;
2 . The coefficients of the T  =  1 amplitudes are the same for the 4+ and the 
5_ states in 64Ge, i.e. a = aq =  a5.
Note that, following assumption 1, assumption 2 implies that also /?4 — As =  A hi 
order to obtain a non-zero value of B ( E  1, 64Ge).
Thus the following expression is obtained:
B (E 1 ,  64Ge) 8 2/„ 2x
B(E1, 66Ge) ”  3 °  1  ^ ^
Taking B (E l, 66Ge) =  (3.7 ±  0.6) • 10-6 W.u. [Herm92] and considering the 
present experimental uncertainty on B (E  1), one obtains a 2 =  2.3 ±  1.4%. This
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value is in reasonable agreement w ith the estimates of Dobaczewski and Hamamoto 
for spherical shapes [Doba95], but the large uncertainty does not allow to exclude 
their solution obtained w ith constraints to non-spherical shapes. One should not 
forget that the present estimate is strongly model-dependent.
To conclude this section, one should be aware that the T  =  1 states in 64Ge 
could be fragmented into many levels, thus the present estimate, obtained w ith 
a two-level mixing model, should be regarded as a lower lim it.
5 . 3  F u t u r e  p e r s p e c t i v e s
In this section, the future perspectives of the present work are discussed from the 
point of view of further detector developments and of possible future experiments.
The ISIS Si-ball is a widely used instrument. About 60% of the experiments 
performed w ith GASP employ this device, and i t  was used in seven out of th ir­
teen experiments performed w ith EUROBALL I I I  coupled w ith ancillary devices. 
Many results in different areas of investigation were obtained. Apart from the 
ones obtained in the present work, other results include the detailed investigation 
of many N  = Z  nuclei in the fy/2 shell, such as 48Cr [Lenz96] or 52Fe [Url998], the 
observation of delayed alignment in 72K r as a signature of up pairing [deAn97], the 
study of octupole correlations in 109Te [deA198], the study of magnetic rotation 
in 82,84Rb [Schn99] and 105Sn [Gadl97], the first identification of excited states 
in 103Sn [FahlOO] and 88Ru [MargOO]. Nevertheless, the performances required 
to an ancillary device for light charged particles are so stringent that it  was felt 
necessary to develop an improved version of ISIS, namely the EUCLIDES Si-ball 
presented in section 2.7. A t the time of writing, EUCLIDES has not started op­
eration, however there are twelve experiments approved by the Strasbourg PAG 
requiring EUROBALL IV  coupled with EUCLIDES (in most of them also the 
neutron-Wall w ill be used). The future large scale European projects employing 
radioactive beams, for example the EURISOL facility which is presently being
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discussed, w ill probably require the development of a Silicon ball similar to EU­
CLIDES, possibly w ith even further improved design performances. Furthermore, 
there is currently a great interest in light charged particle identification with sin­
gle monolithic silicon detectors, using the pulse-shape analysis and eventually 
employing Digital Signal Processing (DSP). In this context, i t  w ill be extremely 
important to test the pulse shape capabilities of the AE crystals of EUCLIDES.
Many experimental groups are presently working on D igital Signal Processing 
to replace conventional electronics w ith digital electronics. Basically, the shape 
of the preamplified signals would be digitized by measuring its amplitude w ith 
a certain frequency, which is said the sampling frequency. Subsequently, all of 
the operations which are normally performed on the preamplified signals (ampli­
fication, filtering, etc.) would be performed via software on the digitized signals. 
The method is effective i f  the inverse of the sampling frequency is small compared 
w ith the time in which the signal evolves. DSP has been successfully employed 
in experiments using germanium detectors [PfutOO], because of their poor tim ­
ing characteristics, but the sampling frequencies of the commercial electronics 
available at present are too low to employ the same modules w ith detectors w ith 
better time characteristics, such as the silicon detectors. The situation in this 
field is rapidly evolving and probably the present difficulties w ill be overcome in 
a few years.
As discussed in chapter 4, the plunger lifetime measurement performed with 
EUROBALL IV  at Strasbourg suffered from a number of experimental problems. 
Ultimately, the requested channel selectivity was not reached, because the detec­
tion efficiency for light charged particles was lower than expected and, most of 
all, because the population of 64Ge occurred via evaporation of Ia2p2n instead 
of 2a. The main goal of measuring B {E 1, 1665 keV) could be reached. I t  was 
also not possible to deduce the mean life of the P  =  3 _^) level, which could help 
addressing the question of its collectivity. However, it  is the author’s feeling that 
the lifetime measurement for the 1665 lceV 7 -rays of 64Ge was at the lim its of the
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present sensitivity and that to measure the decay curve of the 2970 keV 7 -ray 
an increase in detection efficiency w ill be required. In this sense, the planned 
7 -ray tracking arrays, such as GRETA [Dele99] or AGATA [Lied99] could open 
many exciting possibilities. In the case of 64Ge, they w ill probably allow a direct 
determination of the branching ratio of the decay of the H  = 3 ^  level to the 
ground state, which is below the present lim its of sensitivity.
The experimental evaluation of the isospin mixing probability is certainly one 
of the reasons of interest to continue studying medium-mass N  =  Z  nuclei. In 
many cases, the experimental information available is scarce and there are no 
reported E l  transitions, thus the technique of the present work is not applicable. 
A  promising case is 68Se, where an electric dipole transition was recently assigned 
by Fischer and co-workers [FiscOO]. However, the situation from the point of 
view of the required detection efficiency looks quite similar to the case of the 
D  =  3 (~) level in 64Ge, and probably w ill have to wait for the next generation of 
instruments.
An alternative way of measuring the isospin mixing probability is to study 
forbidden f t  decays, as currently planned by the Leuven group [Schuu99] at the 
ISOLDE facility. In the case of 64Ge, the present data for its decay to 64 Ga 
[Fire96], neglecting the possible contributions from higher-order Gamow-Teller 
decays, suggest a 2 <  0.15%, which is of the order of the hydrodynamical esti­
mates. Naturally more precise experiments and more detailed theoretical models 
would greatly help in addressing the question.
Arguably, the information most needed regarding 64Ge at the moment is a 
complete shell-model analysis performed in the fu ll fpg space. For example, 
in the present determination of the isospin mixing probability, the assumption 
of identical contribution of the nuclear wavefunctions of 64Ge and 66Ge could 
receive its ultimate justification from a complete microscopical description of the 
two nuclei, or, alternatively, i t  would be possible to calculate directly the nuclear 
matrix elements. Also more detailed calculations including the fragmentation of
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the T  =  1 states would be very useful.
To conclude this section, it  should be remarked that the future radioactive 
beam facilities w ill probably offer the possibility to measure directly the spectro­
scopic factors in 64Ge, which is presently impossible. The most straightforward 
possibility w ill be to use transfer reactions such as (p,d) or (d,p) in inverse kine­
matics w ith beams of unstable nuclei.
C o n c l u s i o n s
This work has demonstrated the usefulness of ancillary detector selection devices, 
coupled to an array of y-ray detectors for the study of neutron-deficient nuclei. 
The ISIS Si-ball has been constructed, developed and used in a number of exper­
iments w ith the GASP and EUROBALL y-ray spectrometers. I t  has been shown 
that the performances of these arrays may be improved when ISIS is used in con­
junction w ith them, since it  provides channel selection through the identification 
of the different species of emitted particles while simultaneously improving the 
effective energy resolution of the y-ray detectors through a kinematical recon­
struction of the trajectories of the recoiling nuclei. The improved version of ISIS, 
namely the EUCLIDES Si-ball, has been constructed and is foreseen to begin 
operation in February 2001.
The sensitivity of EUROBALL together w ith the ISIS Si-ball and with an 
array of neutron detectors has allowed to study heavy N  =  Z  nuclei in the mass 
region w ith A  cj 60-80.
In this work new results on 64Ge have been presented. The quality of the 
data was such that a number of ambiguous points in the previously reported 
decay scheme could be clarified. Intensities were extracted for all of the observed 
transitions. Spins and parities were assigned on the basis of a DCO ratio analysis, 
of an angular distribution analysis and of a polarization correlation anafysis. The 
character of the 1665 keV transition has been established as a stretched electric 
dipole w ith a large magnetic quadrupole component.
An experiment has been performed in Strasbourg to measure lifetimes in 64Ge
184
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using EUROBALL coupled to an early implementation of EUCLIDES and the 
Koln plunger. The lifetime of the 5“  level has been measured, thus allowing an 
estimate of the isospin mixing probability, which is in fair agreement w ith the 
theoretical estimates found in the literature.
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